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Abstract 

 

Breast cancer remains a significant public health problem affecting a remarkable proportion of women 

globally. Ductal carcinoma in situ (DCIS) is the most common non-invasive neoplasm found in 

mammography screenings and has an excellent prognosis in general. Nevertheless, approximately 

10% of patient with high grade DCIS have a form of breast cancer known as neoductgenesis where 

cancerous duct-like structures of invasive nature are forming. Currently, neoductgenesis has no 

specific diagnosis and it is underdiagnosed as DCIS. Therefore, the aim of this thesis was to provide 

increased knowledge and histopathological markers for neoductgenesis. This thesis also aimed to test 

the efficacy of novel disulfide bridge-stabilized scFv antibody fragments of trastuzumab to improve 

the current treatment options of HER2-positive breast cancer. Imaging mass cytometry and 

immunofluorescence imaging were utilized to distinguish the spatial molecular features of selected 

breast cancer tissue samples that a pathologist had evaluated as high grade DCIS with or without 

neoductgenesis. The capacity of the ds-scFv-Fc antibody fragments to inhibit the proliferation of 

HER2-positive breast cancer cells was analyzed to evaluate whether the ds-scFv-Fc antibody 

fragments with potentially improved pharmacological properties have equal or even better efficacy 

compared to trastuzumab. This study identified several molecular features that appear specific to 

neoductgenesis and that help to explain its distinct and invasive nature. In the future, these findings 

have the potential to help the identification of the patients with neoductgenesis from DCIS in clinical 

histopathology. In addition, the ds-scFv-Fc antibody fragments demonstrated superior efficacy to 

inhibit the proliferation of trastuzumab-resistant HER2-positive breast cancer cells compared to 

trastuzumab, hence providing an alternative solution to overcome trastuzumab resistance. Further 

research is needed to validate the potential biomarkers for neoductgenesis in a larger sample cohort 

and to investigate the molecular action of the ds-scFv-Fc antibody fragments in trastuzumab-resistant 

cells.  
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1 Introduction 

1.1 The structure and function of the mammary gland 

The mammary gland has a significant role in the survival of mammalian offspring by producing 

milk. The human mammary gland is located in the chest wall and surrounded by fibrous stroma and 

adipose tissue (Figure 1A). The glandular tissue composed of an inner luminal epithelial cell layer 

and an outer myoepithelial cell layer (Figure 1B) is separated into 15-20 lobules, each of them 

having a collecting duct that connects to major lactiferous ducts. The major lactiferous ducts arise 

from the nipple and bifurcate into smaller ducts like branches of a tree. The collecting ducts 

eventually terminate into structures called terminal ductal lobular units (TDLUs) (Figure 1A, C), 

where the milk is produced by differentiated luminal cells during lactation (Wellings et al., 1975). 

Basement membrane forms an extracellular matrix (ECM) barrier between the mammary gland 

epithelium and stromal tissue. The ECM of the connective and adipose tissue supports the delicate 

structures of mammary gland forming the surrounding stroma (Figure 1B) (Biswas et al., 2022). 

 

Figure 1. The structure of mammary gland. The human mammary gland is located in the chest wall, 
divided into 15-20 lobules, surrounded by fibrous stroma and adipose tissue (A). The major lactiferous ducts 
arise from the nipple and bifurcate into smaller ducts. The collecting ducts eventually terminate into TDLUs, 
where the milk is produced by differentiated luminal cells during lactation (A, C). The glandular mammary 
gland tissue consists of an inner luminal epithelial cell layer and an outer myoepithelial cell layer (B). 
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Basement membrane forms an ECM barrier between the mammary gland epithelium and stromal tissue. The 
ECM of the connective and adipose tissue supports the delicate structures of mammary gland forming the 
surrounding stroma (B). The majority of breast neoplasms develop in the TDLUs. The ductal carcinoma in 
situ (DCIS) is a non-invasive neoplasm where the abnormal epithelial cells fill the duct lumen but remain 
surrounded by myoepithelial cells and confined within the basement membrane (B, C). DCIS becomes 
invasive ductal carcinoma (IDC) when cancer cells across the basement membrane and spread to the 
surrounding stromal tissue (B, C). H&E-stained healthy human mammary tissue, DCIS and IDC (C). Scale 

bars: 200 m. Figures A and B created in Biorender. 

 

1.2 Breast cancer 

Breast cancer remains a significant public health problem affecting a remarkable proportion of 

women globally. Breast cancer is the most commonly diagnosed malignancy as well as the leading 

cause of cancer deaths among women worldwide (Heer et al., 2020). Breast cancer is a very 

heterogeneous disease including a variable group of tumors that differ in terms of morphology, 

molecular features, behaviour and response to treatment (Rakha et al., 2023).  

The majority of neoplasms of the breast develop in the TDLU (Figueroa et al., 2014). Breast cancer 

develops when DNA mutations in mammary epithelial cells lead to uncontrollable proliferation. In 

early-stage breast cancer, abnormal epithelial cells typically fill the duct lumen but remain 

surrounded by myoepithelial cells and confined within the basement membrane (Figure 1B, C). The 

non-invasive breast neoplasms are divided into ductal carcinoma in situ (DCIS) and lobular 

carcinoma in situ (LCIS) where DCIS is more common. The cancer is termed invasive when 

malignant cells have invaded across the basement membrane and spread to the surrounding stromal 

tissue (Figure 1B, C). (Alkabban and Ferguson, 2024). In this stage, breast cancer can metastasize 

to other parts of the body by entering the bloodstream or through the lymphatic system (Nathanson 

et al., 2022). The prognosis of the patient is significantly affected by the extent of tumor 

progression. For instance, the 10-year overall survival rate of in situ -stage breast cancer is over 

95%, while in non-metastatic but invasive breast cancer the 10-year overall survival rate is 

approximately 80%, and in metastatic breast cancer the 10-year overall survival rate is only 13% 

(Wang et al., 2017; Macià et al., 2012; Eng et al., 2016). 

1.2.1 Breast cancer subtypes  

Breast cancer is divided into four different subtypes based on immunohistochemical (IHC) 

evaluation; estrogen (ER) and progesterone (PR) receptor positive (ER+, PR+), human epidermal 

growth factor receptor positive (HER2+) and ER-, PR- and HER2-negative ie. triple-negative breast 

cancer (TNBC). ER and PR -positive breast cancers with low expression of the proliferation marker 

Ki-67 (<20%) are considered the luminal A subtype. Clinically these carcinomas have the best 
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prognosis because they are usually low grade, grow slowly and have a good treatment response to 

hormone therapy. ER-positive and/or PR-negative and HER2-negative breast cancers with high 

expression of Ki-67 (>20%) are considered the luminal B subtype. These carcinomas comprise 10–

20% of luminal tumors and they have poorer prognosis because they grow faster compared to 

luminal A. TNBC comprise ~20% of all breast cancers. These tumors have an aggressive behaviour 

with high proliferation rate and are associated with poor prognosis (Orrantia-Borunda et al., 2022). 

Approximately 15-30% of breast cancers are HER2-positive. HER2 receptors are important for the 

mammary epithelial cells since they promote cell proliferation and differentiation (Rubin and 

Yarden, 2001). HER2 receptor amplification is shown to be significant factor in breast cancer 

pathogenesis and differentiation (Slamon et al., 1987). Slamon et al. (1987) showed that HER2-

positive tumors have a more aggressive tumor phenotype, they tend to grow fast, and the prognosis 

of the patients is poor. Nevertheless, the prognosis of these patients has improved during the past 

years due to the development of HER2-targeted therapies.  

1.2.2 Diagnosis & treatment strategies  

Most of the patients, especially in the early stages of breast cancer, are asymptomatic and the 

tumors are discovered during mammography screening. When breast cancer progresses, it is often 

detected as a lump in the breast due to the desmoplastic reaction which means the increased 

collagen accumulation and crosslinking around tumor, resulting in a dense collagenous stroma 

(Walker, 2001). The current consensus regarding the treatment of localized (in situ) breast cancer is 

either breast-conserving surgery or mastectomy (total breast removal) for tumor removal, combined 

with postoperative radiation to ensure the elimination of all cancer cells. Very important factor 

regarding the surgical treatment of breast cancer is that the tumor is removed with sufficient 

margins of healthy tissue surrounding the tumor. This ensures that there is no tumor left in the 

breast after surgery. Currently, the margin should be at least 2 mm of healthy tissue surrounding the 

tumor (Morrow et al., 2016). Insufficient surgical margins have been shown to increase the risk of 

local recurrence in patients with DCIS (Dunne et al., 2009).   

The treatment strategy of metastatic breast cancer is different. The purpose of the treatment is to 

slow down cancer progression, extend the patient’s lifespan and improve the quality of life. The 

individual treatment plan is made considering the overall situation of the patient. In general, based 

on the patient’s situation neoadjuvant treatment can be combined to chemotherapy before breast 

cancer surgery. More often, after the tumor removal patient gets adjuvant treatment which can be 

combined with chemotherapy (Wang and Wu, 2023). Endocrine therapy is part of the standard care 
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in cases of hormone receptor positive (ER+/PR+) metastatic breast cancer and can be utilized 

individually or in combination with chemotherapy. In case of HER2-positive breast cancer, anti-

HER2-therapy is used such as trastuzumab or pertuzumab in combination with chemotherapy. 

(Leena Vehmanen, 2020). The current immune-oncological treatments that are intensifying the 

immune system to eliminate cancer cells are currently restricted to TNBC due to its rich density of 

immune cells in the tumor stroma (Loibl et al., 2024).  

During the last decades the targeted therapy of breast cancer has improved dramatically. 

Trastuzumab (Herceptin®) was the first to revolutionize the targeted therapy of breast cancer in 

1998 (Albanell and Baselga, 1999), when it was approved by US Food and Drug Administration 

(FDA) to treat breast cancer with HER2 amplification and still today trastuzumab in combination 

with chemotherapy is the cornerstone in the treatment of HER2-positive breast cancer (Loibl et al., 

2024). Trastuzumab is a humanized monoclonal antibody that specifically binds to the outer domain 

of the HER2 receptor and prevents signalling cascades that intensify cell proliferation such as Ras-

MAPK and phosphoinositide 3-kinase (PI3K-Akt) from being activated and, thus, prevents the 

proliferation of cancer cells (Nagata et al., 2004). Trastuzumab has also been shown to possess 

immunomodulatory properties through initiation of a phenomenon called antibody-dependent 

cellular cytotoxicity (ADCC). When trastuzumab binds to HER2 receptor on the surface of cancer 

cells, it helps the immune cells to recognize the malignant cells and eliminate them (Kute et al., 

2012). The approval of trastuzumab has changed the treatment strategy of patients with HER2-

positive breast cancer and extended their life expectancy remarkably (Slamon et al., 2001; Romond 

et al., 2005). However, majority of patients treated with trastuzumab develop resistance within a 

year. Multiple mechanisms mediate the development of trastuzumab resistance and it would be 

crucial to understand them better in order to develop novel therapeutics to improve the survival of 

patients with HER2-positive breast cancer. (Wang et al., 2022) 

1.3 Ductal carcinoma in situ (DCIS)  

DCIS is the most common non-invasive neoplasm accounting approximately 20% of breast cancers 

detected in mammography screenings (Ernster et al., 2002). In DCIS, the abnormal epithelial cells 

are confined within the basement membrane in the ducts and lobules without stromal invasion 

(Tomlinson-Hansen et al., 2023). While DCIS is generally indolent, patients still have an elevated 

risk for disease progression to invasive ductal carcinoma (IDC) and eventually approximately 25-

60% of DCIS tumors will progress into IDC if left untreated (Wang et al., 2024).   
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The grade of the tumor predicts the tumor growth rate and patients’ prognosis. There are three 

DCIS grades according to Scarff-Bloom-Richardson grading system, to describe the morphological 

features of the tumor. In grade I the appearance of cancer cells is mostly comparable to normal 

breast epithelial cells and the status is determined as “well differentiated”. In grade II the cancer 

cells look less like the normal epithelial cells and have increased growth rate with status of 

“moderately differentiated”. In grade III the cancer cells look very different compared to normal 

epithelial cells, and the status is “poorly differentiated”. (Cserni and Sejben, 2020). Grade III DCIS 

seems to grow fast and possess higher potential to progress compared to low grade DCIS tumors 

(Cunha et al., 2010). The better the cancer cells are differentiated, the closer the cell morphology is 

to normal epithelial cell structure and, hence, these tumors typically are more benign.  

Currently, DCIS management aims for the prevention of disease progression and local recurrence 

(Miligy et al., 2019). Currently, the consensus is that the optimal treatment for women with DCIS is 

the breast conserving surgery with clear surgical margins combined with radiation therapy.  

(Martínez-Pérez et al., 2017). According to the Finnish National Breast Cancer Diagnosis and 

Treatment Recommendation 2024, neither adjuvant nor neoadjuvant therapies are generally used in 

the treatment of DCIS in Finland. A special situation in which endocrine treatment can be 

considered is a hormone receptor-positive grade III DCIS in a patient under 50 years of age. It has 

been shown that in the treatment of DCIS, endocrine therapy such as tamoxifen reduces the risk of 

local recurrence but does not increase the patient’s life expectancy (Cuzick et al., 2011; Wapnir et 

al., 2011). Nevertheless, treatment decisions are based on the characterization of the tumor, and 

they are always made individually according to the patients’ overall situation. 

1.3.1 DCIS tumor microenvironment 

The focus of many current diagnostic and therapeutic strategies for breast cancer lies on the cancer 

cells that are proliferating and spearing. However, the interest in the tissue that surrounds the cancer 

cells, called tumor microenvironment (TME), has increased over the years. There is accumulating 

evidence showing that changes in the TME affect both tumor initiation and progression (Gibson et 

al., 2023). The significance of the TME in DCIS progression into IDC is supported by the fact that 

genetic changes in the epithelial cells are similar between DCIS and IDC (Casasent et al., 2018), 

suggesting that the role of the TME and phenotypic plasticity of the cancer cells might be bigger in 

DCIS progression than the emergence of new invasion promoting mutations. There is a growing 

body of evidence demonstrating that cancer cells and the TME communicate closely and, therefore, 
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it is necessary to understand the changes in the TME during cancer development and progression 

and define their links to clinical outcomes.  

1.3.1.1 Myoepithelial cells  

Myoepithelial cell layer is located between the luminal epithelial cells and the basement membrane. 

Multiple studies have shown that in addition to their contractile properties in milk ejection, 

myoepithelial cells seem to contribute the proliferation, differentiation, and polarity of the luminal 

epithelial cells. In addition, myoepithelial cells contribute to the synthesis of the basement 

membrane by expressing laminins and collagen IV. (Gudjonsson et al., 2005). It has also been 

shown that in breast cancer myoepithelial cells form a dynamic barrier restricting cancerous luminal 

cells to escape (Sirka et al., 2018). The presence or loss of myoepithelial cells is a very significant 

factor affecting the diagnosis of breast cancer patients. The loss of myoepithelial cells around the 

cancer lesion indicates the presence of invasion in breast cancer. The mechanisms of how 

myoepithelial cells modulate breast cancer progression from DCIS to IDC remain poorly defined. 

However, there is accumulating evidence that in DCIS myoepithelial cells can facilitate tumor 

progression for instance by up-regulating certain proteins that promote tumor invasion such as 

glycoprotein tenascin C (TN-C) isoforms (Adams et al., 2002). 

1.3.1.2 Immune cells 

Immune cells are a significant part of the TME in breast cancer (Goff and Danforth, 2021). When 

the normal mammary epithelial cells become malignant, the membrane proteins of the cells are 

altered, and the immune system is recognizing the abnormal cells trying to kill them. The theory of 

immune cells recognizing tumor cell neo-antigens and causing an anti-tumor reaction against 

neoplastic cells was first represented by Sir Frank Mac Farlane Burnet in 1950-1970 (Burnet, 1964; 

Burnet, 1971). The immune cells in the tumor stroma (called as immune cell infiltration) consists of 

innate immune cells including macrophages, natural killer cells (NK) and dendritic cells (DC) and 

adaptive immune cells consisting of B cells and T cells (Li et al., 2022).  

It has been shown that the amount of immune cells, both innate and adaptive, increases in DCIS and 

IDC compared to normal breast tissue (Gil Del Alcazar et al., 2017). However, breast cancer is not 

a very immunogenic cancer compared to other cancer types, such as melanoma, but it has been 

shown that a subset of breast cancers have a rich immunogenic TME such as TNBC (Stanton et al., 

2016). Further, it has been noticed that the immune cells play a critical role in the progression and 

therapeutic response of breast cancer. For instance, high levels of tumor infiltrating lymphocytes 
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(TILs) are associated with good prognosis in invasive HER2-positive breast cancer. TILs also 

contribute to a beneficial response to anti-HER2 antibody trastuzumab because of the ability of 

trastuzumab to induce the immune response against cancer cells (Joensuu et al., 2009). However, it 

is less clear what is the effect of TILs in DCIS progression and what is their relevance to breast 

cancer prognosis (Pruneri et al., 2017). However, it was found that the presence of macrophages in 

DCIS was found to have prognostic relevance. Campbell et al. (2017) perceived higher levels of 

CD68+ macrophages in high grade DCIS compared to low grade DCIS (Campbell et al., 2017), and 

Chen et al. (2020) showed that greater density of CD68+ macrophages is associated with worse 

prognosis in DCIS patients (Chen et al., 2020). The cancer cells themselves also have the ability to 

manipulate the immune system in many ways to avoid the anti-tumor responses (Gibson et al., 

2023). For instance, cancer cells can modify the TME to become more immunosuppressive and 

tumor promoting together with other cells of the TME, ultimately leading to tumor progression and 

immune evasion. These mechanisms are targeted by immune-oncological therapies. 

1.3.1.3 Angiogenesis 

The new growth of blood vessels from the pre-existing vessels is called angiogenesis. Angiogenesis 

is a phenomenon which occurs in both healthy and disease state when requirements for blood 

supple to the tissue are altered. Angiogenesis promotes tumor growth, progression and metastasis, 

and cancer cells and the TME contribute to angiogenesis by sending proangiogenic factors that 

allow the development of new blood vessels (Ayoub et al., 2022). For instance, vascular endothelial 

growth factor (VEGF) released by the cancer cells promotes the proliferation of endothelial cells 

that form the new vessels. In cancer, sustained proliferation of malignant cells increases the need 

for more blood supply (Weis and Cheresh, 2011). In addition, in solid tumors like breast cancer, 

oxygen and nutrient levels gradually decrease in the tumor core, and the deficiency of oxygen 

causes hypoxia, which contributes to vascular remodelling (Bottaro and Liotta, 2003). The resulting 

new vessel network is typically leaky and not very stable but often stable enough to help the cancer 

cells grow and metastasize (Weis and Cheresh, 2005). In general, it has been shown that increased 

density of micro vessels due to angiogenesis in breast cancer TME is associated with decreased 

survival (Gibson et al., 2023). In DCIS, it has been suggested that increased periductal vessel 

formation is associated with local invasion (Teo et al., 2003).  However, there are conflicting results 

on this showing that pure DCIS display more pro-angiogenic factor compared to DCIS with 

coexisting invasion (Wülfing et al., 2005).  
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1.3.1.4 Extracellular matrix (ECM) 

ECM is a complex molecular network with biomechanical and biochemical properties. The 

mammary gland ECM, including the basement membrane, is composed of many different proteins 

that maintain its structure such as collagens, fibronectin, and laminins (Allinen et al., 2004). 

Overall, the ECM is an important factor in cell and tissue homeostasis. In breast cancer, changes in 

the ECM expression levels and remodelling are driven by cancer cells or cancer-associated 

fibroblasts (CAFs), and promote cancer progression (Lepucki et al., 2022). CAFs can cause the 

ECM to become more fibrous which can be seen as a desmoplastic reaction around tumor structures 

(Insua-Rodríguez and Oskarsson, 2016). The increased expression of fibrillar collagens, fibronectin 

(fibril-forming glycoprotein) and other ECM proteins contributes to the increased stiffness of the 

TME. Furthermore, it has been shown that stiff TME promotes breast cancer progression 

(Papanicolaou et al., 2022). When DCIS develops into IDC, the disruption of basement membrane 

allows cancer cells to invade to the surrounding tissue either as a stream or in single cells (Clark and 

Vignjevic, 2015). To be able to understand the mechanism behind this phenomenon would allow us 

to find solutions to prevent the cancer invasion.  

1.3.2 Challenges with clinical management of DCIS 

DCIS encompasses a heterogeneous group of tumors that differ in terms of morphology, molecular 

features, clinical manifestation, and the probability to advance into IDC. DCIS, if appropriately 

managed, is a tumor with very low-risk but some DCIS tumors have more aggressive and malignant 

features (Martínez-Pérez et al., 2017). While aggressive DCIS cases only account for a small 

proportion of all DCIS cases, all patients with DCIS diagnosis receive roughly the same treatments. 

In this respect, the main challenge in the clinical management is to avoid the over-treatment of 

“low- risk” DCIS lesions sparing patients with good prognosis from radical surgery while avoiding 

under-treatment of “high-risk” lesions in order to minimize the risk of recurrence or progression 

into IDC. Currently, determining which non-invasive DCIS lesions will develop into IDC (if left 

untreated) or predicting the risk of metastatic recurrence in DCIS associated with invasion is still 

inadequate and, therefore, the clinical management of DCIS as well as optimization of the treatment 

decisions are challenging (Martínez-Pérez et al., 2017). Therefore, more accurate and efficient 

prognostic and predictive biomarkers are needed to guide the decisions regarding the therapy 

options to improve the clinical management of DCIS lesions. 
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1.3.3 Neoductgenesis 

A theory of a new, poorly understood subtype of breast cancer called neoductgenesis was suggested 

already twenty years ago (Tabar et al., 2004). According to mammographic screening, Tabár and 

colleagues identified tumors associated with a large number of abnormally packed “casting type” 

calcifications that were pointing in different directions. Based on these findings, they noticed that 

this breast cancer subtype forms duct-like structures which are filled with cancerous cells and these 

diffusely infiltrating malignant cells were spreading generating a large tumor burden. Hence, they 

proposed that this duct-forming process represents a special type of neoplasia that neither fits in any 

classical group of invasive nor in situ breast cancer. Therefore, they proposed the name ductal 

adenocarcinoma of the breast (DAB) to facilitate the description of this malignancy with 

neoductgenesis as a distinct breast cancer subtype. (Tabár et al., 2022). 

According to pathology experts, roughly 10% of patient with high grade DCIS diagnosis exhibit 

signs of neoductgenesis. Neoducts are thought to originate from the major lactiferous ducts which 

then branch into smaller ducts (Tabár et al., 2022). These duct-like structures propagate by 

producing numerous side branches which are tightly packed and filled with cancer cells without a 

normal organized structure and lacking TDLUs. Tabár et al. (2022) suggested that the formation of 

these newly formed duct-like structures resulting from neoductgenesis is driven by stem cells 

(Tabár et al., 2022). However, the underlying mechanisms behind this new duct formation are 

poorly understood. 

1.3.3.1 Histopathological features of neoductgenesis  

The histopathological features of neoductgenesis have been previously described mostly by Tabár et 

al. (2022). First of all, neoducts were shown to be distinct compared to normal breast epithelial 

ducts in thick histopathology samples, as neoducts are much larger in size compared to the thin 

structures of normal breast ducts and TDLUs (Tabár et al., 2022). Nevertheless, it has been shown 

that basement membrane surrounding the neoducts is intact. In addition, a robust desmoplastic 

reaction has been detected around these duct-like structures and suggested to be linked to epithelial-

to-mesenchymal transition (EMT). Thick lymphocytic infiltration in stroma and the overexpression 

of TN-C around neoducts were also shown to be typical around the neoduts (Tabár et al., 2022). 

TN-C is a ECM glycoprotein expressed during fatal and pubertal mammary gland development 

(Jahkola et al., 1998). It has also been shown that TN-C is a promotor of cell migration and survival 

as well as angiogenesis in cancer. Overexpression of TN-C correlates with poor prognosis in breast 

cancer patients and it contributes to formation of the metastatic niche in breast cancer (Oskarsson et 
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al., 2011). In addition, high grade of the tumor and high proliferation index have been associated 

with neoductgenesis (Zhou et al., 2017). According to Zhou et al. (2014) HER2 receptor 

overexpression seems to be strongly present in the neoducts as well (Zhou et al., 2014). 

1.3.3.2 The impact of neoductgenesis to the management of breast cancer  

Several studies have found that neoductgenesis is associated with more aggressive tumors 

(Łazarczyk et al., 2023; Zhou et al., 2014; Zhou et al., 2017; Tabár et al., 2022). For instance, the 

overexpression of HER2 receptor, also prominent in neodcuts, is associated with more aggressive 

tumor phenotype (Loibl and Gianni, 2017). In addition, the abundant and abnormally packed 

casting-type calcifications and overexpression of TN-C glycoprotein in patients neoductgenesis 

support the aggressive tumor phenotype of neoductgenesis (Wawrzyniak et al., 2020). Follow up of 

breast cancer patients with signs of neoductgenesis revealed poorer survival of these women 

suggesting that neoductgenesis could be linked to the malignant and often fatal nature of these 

tumors (Tabár et al., 2022). Currently, breast cancer with features of neoductgenesis is diagnosed as 

DCIS because the duct-like tumor structures are surrounded by a myoepithelial cell and an intact 

basement membrane which are currently considered essential criteria for carcinoma in situ 

diagnosis. The current diagnosis of these lesions as DCIS is likely to mislead the estimated 

prognosis of these patients because DCIS is associated with very good prognosis. Importantly, 

DCIS diagnosis can have negative impact on the treatment decisions because adjuvant therapy in 

these cases might be beneficial. Currently, patients with non-invasive breast cancer associated with 

neoductgenesis do not have the opportunity to get HER2-targeted therapy because it is currently not 

used for the treatment of HER2-positive DCIS due to the lack of proof of its significant therapeutic 

effect (Cobleigh et al., 2021), although these patients might get benefit from it. 

Breast conserving surgery might not be a good option for patients with neoductgenesis because the 

neoducts often expand from the nipple towards the chest wall and the real extent of the cancer 

lesion is larger than what can be seen in mammograms based on calcifications. This is a caused by 

newly formed, uncalcified extensions of the neoducts, making the surgical management even more 

difficult (Tabár et al., 2022). Therefore, multimodal imaging including MRI could be helpful for the 

assessment of the full extent of the tumor, and whether breast-conserving surgery is possible. 

Otherwise, the breast-conserving surgery might leave actively growing part of the cancer in the 

breast. Because of these challenges, it would be essential to recognize the invasive behaviour and 

the true tumor burden of neoductgenesis in breast cancer so that the patients could be correctly 

diagnosed and treated according to their actual needs. In order to improve the diagnostics and 
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treatment of women with breast cancer associated with neoductgenesis, it is essential to differentiate 

the neoducts from DCIS and to understand the molecular features that are specific to 

neoductgenesis. With correct information, the pathologists could recognize these cases, and give the 

patient an accurate diagnosis with proper treatment.  

1.4 Aims of this Master’s thesis 

This master’s thesis aims to provide increased knowledge and histopathological markers for 

neoductgenesis to ultimately improve the current DCIS diagnostics. To this end, imaging mass 

cytometry (IMC), immunohistochemistry (IHC) and immunofluorescence (IF) staining will be used 

to distinguish the spatial molecular features of selected breast cancer tissue samples that a 

pathologist has evaluated as high grade DCIS cases with or without neoductgenesis. In addition, the 

efficacy of a novel HER2-targeted therapy will be investigated in vitro.  

As high grade DCIS and tumors with neoductgenesis are typically associated with immune cell 

infiltration observed in histopathology, Hyperion IMC provides the means to characterize and 

compare the immune cell profiles and other markers of interest between DCIS samples with and 

without neoductgenesis to identify potential differences broadly and quantitatively. The expression 

level and localization of proteins associated with HER2 signalling, myoepithelial features, 

vascularization, and ECM composition in neoductgenesis can also be evaluated by IF. Together, 

these approaches are expected to reveal tissue and molecular level features that are specific to 

neoductgenesis and can be further exploited in the development of diagnostics and treatment of 

DCIS. The primary goal of this MSc thesis is to detect differential structural and molecular features 

between conventional DCIS and DCIS associated with neoductgenesis. Furthermore, this thesis 

aims to provide novel insight in the invasive nature of neoductgenesis, and possibly also candidates 

for novel biomarkers to improve the current diagnostics of patients with breast cancer associated 

with neoductgenesis. 

Patients with neoductgenesis could benefit from HER2-targeted therapies. In this MSc thesis, the 

efficacy of disulfide bridge-stabilized single-chain variable fragments (ds-scFv-Fc) derived from 

trastuzumab will be compared to the current trastuzumab used in clinic (Herceptin). The capacity of 

these therapeutic antibodies to inhibit the proliferation of HER2-positive breast cancer cells will be 

analysed to evaluate whether the ds-scFv-Fc antibody fragments with improved pharmacological 

properties have equal or even better ability compared to trastuzumab (Herceptin). Many patients 

with HER2-positive breast cancer eventually develop resistance against trastuzumab and, hence, the 

unmet need to develop new strategies to overcome the resistance mechanisms is acute. 
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With diagnostic biomarkers specific to neoductgenesis, the pathologists could recognize these cases 

to mitigate the challenges in the clinical management of DCIS: over-treatment of “low risk” DCIS 

lesions and under-treatment of “high-risk” lesions. Distinguishing the patients with neoductgenesis 

early could improve the prognosis of these patients. This study calls for attention to this fatal 

subtype of breast cancer that is currently underdiagnosed as in situ carcinoma. By utilizing state-of-

the-art molecular profiling technologies, this study aims to gain the evidence to support the distinct 

nature of neoductgenesis as well as to provide much needed histopathological markers for the 

improvement of the current diagnostics of breast cancer with neoductgenesis. 
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2 Results 

2.1 High grade DCIS tumors with neoductgenesis exhibit specific 

histopathological features 

The patients sample panel utilized in the study consists of formalin-fixed and paraffin-embedded 

(FFPE) tissue samples of high grade DCIS tumors evaluated by a pathologist: three tumor samples 

representing conventional DCIS (ID301, ID302, ID305) and three tumor samples representing 

DCIS with neoductgenesis (ID401, ID403, ID405). Detailed description of patient samples in 

materials and methods section in page 43 (Table 1). H&E-stained tissue sections of all DCIS tumor 

samples showed typical features of high grade DCIS, and the samples with neoductgenesis showed 

the cancerous duct-like structures and dense collagenous stroma (desmoplastic reaction) that have 

been associated with neoductgenesis (Figure 2).  

 

Figure 2. High grade DCIS tissue with signs of neoductgenesis exhibits closely packed and 
contorted, newly formed ducts. H&E staining of patient samples used in this study: three tumor samples 
representing DCIS (ID301, ID302, ID305) and three tumor samples representing DCIS with signs of 
neoductgenesis (ID401, ID403, ID405). H&E staining of DCIS with neoductgenesis shows the duct-like 

structures representing neoductgenesis (red arrowheads). Scale bars: 500 m. 
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2.1.1 High grade DCIS tumors with neoductgenesis show abundant stromal immune cell 

infiltration 

High grade DCIS is typically associated with immune cell infiltration in histopathology. Based on 

the H&E staining of the tumor samples used in this study, stromal immune cell infiltration was 

observed in a few spots in two of the DCIS tumor samples ID301 and ID305, and abundant stromal 

immune cell infiltration was observed in all three neoductgenesis tumor samples (Figure 3). In 

addition, in neoductgenesis samples, immune cell infiltration was associated with the cancerous 

duct-like structures (Figure 3). 

 

Figure 3. High grade DCIS tissues with the signs of neoductgenesis exhibits strong stromal immune 
cell infiltration. H&E staining of DCIS tissues with or without signs of neoductgenesis shows abundant 

immune cell infiltration. Immune cell infiltrates marked with red arrow heads. Scale bars: 500m. 
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2.1.2 High grade DCIS tumors with neoductgenesis show overexpression of HER2 

receptor   

Previous studies have shown that tumor structures resulting from neoductgenesis are usually HER2-

positive (Tabár et al., 2022; Zhou et al., 2014). IHC staining of HER2 was utilized to determine the 

HER2 receptor status in the DCIS tumor samples with and without neoductgenesis (Figure 4). 

Overall, the expression level of the HER2 receptor was variable between the samples. DCIS tumor 

samples with neoductgenesis (ID401 and ID403) showed strong HER2 receptor overexpression 

(Figure 4). ID405 seemed to be HER2-positive as well but the tissue section was of poor quality and 

not representative. Two of the DCIS tumor samples (ID305 and ID301) also showed strong HER2 

receptor expression, but the third one (ID302) appeared HER2-negative (Figure 4).  

 

Figure 4. IHC staining of HER2 receptors in DCIS tumor samples with and without neoductgenesis. 
The expression level of the HER2 receptor (brown) in the tumor samples is variable. DCIS tumor sample 
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ID305 as well as DCIS tumor sample with neoductgenesis ID401 show strong HER2 receptor expression in 
the surface of tumor cells (ROI 2). HER2 receptor amplification is not seen in the ID302 sample (ROI 1). Red 

arrowheads are pointing to the HER2 receptor expression in cancer cells. Scale bars: 200m and 100m in 
ROIs. 

 

2.2 IMC analysis of high grade DCIS tumors reveals that neoductgenesis is 

associated with differences in several cell types 

The Hyperion IMC analysis was utilized for the broad characterization of the high grade DCIS 

tumor samples with and without neoductgenesis. Initially, tissue sections were stained using an 

antibody panel containing 28 metal-labelled antibodies. Two different regions of interest (ROIs) per 

tissue (maximum 1 mm x 1mm) were selected for the IMC laser ablation (Figure 5). After laser 

beam ablation, the ablated material is automatically transferred to mass cytometer for the time-of-

flight detection of the metal ions from each ionized metal tag.  

 

Figure 5. Two different ROI areas were selected per tumor tissue for IMC. Representative 1 mm x 1 mm 

areas of tissue were selected in H&E-stained tumor sections. Scale bars: 500m. 

 

As expected, the presence of  smooth muscle actin (SMA) surrounding the tumors in both ROI 

areas indicates that the myoepithelial cell layer is present (Figure 6A, B). Strong immune cell 

infiltrates indicated by the leukocyte marker CD45 were more prominent in neoductgenesis samples 
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and localized particularly around the distorted duct-like structures (Figure 6A, B). In DCIS tumor 

samples the immune cells infiltrates were observed to be further away from the tumor acini. 

According to the IMC results, the presence of macrophages (CD68) was increased in the stroma of 

neoductgenesis tumor samples compared to DCIS tumor samples (Figure 6A, B). However, DCIS 

tumors seemed to have more intratumoral macrophages compared to neoductgenesis tumors, 

although stromal macrophages were more prominent in the latter tumor group. In addition, 

neoductgenesis tumor samples showed increased presence of stromal intermediate filament 

vimentin (VIM) -positive stromal cells as well as increased density of blood endothelial cells 

(CD31) (Figure 6A, B). DCIS tissues with neoductgenesis showed also elevated level of Ki67, a 

marker for cell proliferation (Figure 6A, B). 
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Figure 6. Representative results of the IMC analysis of DCIS tumor samples with and without 
neoductgenesis. The IMC data from two ROIs demonstrates that DCIS tumor samples with and without 

neoductgenesis exhibit a myoepithelial cell layer (alpha smooth muscle actin, SMA) surrounding the tumor 
structures. Neoductgenesis tumor samples show an increase in stromal vimentin levels, vascularization 
(blood endothelium, CD31), cancer cell proliferation (Ki67) and stromal macrophages (CD68). In addition, in 
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neoductgenesis tumor samples, immune cell infiltration (leukocytes, CD45) is prominent. Scale bars: 100 

m. 

 

2.3 Validation of IMC results by IF 

2.3.1 Stromal vascularity is higher in DCIS tumors with neoductgenesis  

Based on the IMC data, the IF staining of high grade DCIS tumors with and without neoductgenesis 

were conducted to validate the forementioned findings in a larger tissue area. Five different 

markers, CD68, CD31, VIM, Ki67 and CD45, were selected for validation based on their 

differential occurrence in DCIS and neoductgenesis tumor samples to indicate stromal/intratumoral 

macrophages, vascularity, vimentin levels, cell proliferation and total leukocytes, respectively. In 

the validation cohort, FFPE tissue sections from seven different patients were utilized; four DCIS 

tumor samples and three neoductgenesis tumor samples, some of which were from the same 

samples already used for IMC. Detailed description of patient samples in materials and methods 

section in page 43 (Table 1). Samples were stained with primary antibodies against CD31, VIM, 

Ki67, CD68 and CD45 and imaged by confocal microscopy taking 2-4 large images per each 

sample from different parts of the tissue area, depending on the size of the tissue section. The 

resulting fields of views (FOVs) were quantified for the signal intensity of Ki67, CD31, CD68, and 

VIM. CD45 marker was left unquantified because the staining was not successful. In the image 

analysis, tumor and stroma were distinguished with epithelial cell marker keratin 8 (KRT8) (Figure 

7A, 8A, 9A). The KRT8-positive tumor areas were excluded from the quantification of the stromal 

signals. The area of intratumoral Ki67 was quantified exclusively in the tumor area and normalized 

to the relative area of nuclei (DAPI).  

According to the results of IF, DCIS tissues with neoductgenesis showed significantly higher 

vascularization (CD31 + area) in tumor stroma (p=0.0002) compared to high grade DCIS tumor 

samples without neoductgenesis (Figure 7). Tumor samples with neoductgenesis also showed 

elevated stromal vimentin levels but this difference did not reach statistical significance (p=0.1194) 

(Figure 8). Interestingly, the same level or even more proliferation (Ki67 positive cells) were seen 

in DCIS tumors without neoductgenesis, but this result was not statistically significant (p=0.1559) 

(Figure 9). In any case, the elevated cell proliferation observed in IMC analysis (Figure 6) could not 

be observed in the analysis of larger tumor areas (Figure 9).  
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Figure 7. High grade DCIS with neoductgenesis exhibits significantly increased stromal 
vascularisation. Representative IF images of the vascular endothelial cell marker CD31 (red) (A), and 
quantification of the CD31 signal area normalized to total area of the stroma (B) [mean ± SD, n(DCIS) = 10 
FOVs from 4 patients, n(DCIS with neoductgenesis) = 11 FOVs from 3 patients]. Tumor and stroma were 
separated with the use of KRT8 (green; tumor border indicated with dashed lines). Nuclei were labelled with 
DAPI. Yellow arrowheads point to vascular endothelial cells (A). Neoductgenesis tumor samples exhibit 
significantly higher presence of blood vessels in the tumor stroma compared to conventional DCIS tumors 

(p=0.0002, two-tailed Student’s t-test) (B). Scale bars: 150 m and 50 m in ROIs.  

 

Figure 8. High grade DCIS tumors with neoductgenesis show no statistically significant difference in 
stromal vimentin. Representative IF images of the intermediate filament vimentin (magenta) (A), and 
quantification of the vimentin signal area normalized to total area of the stroma (B) [mean ± SD, n(DCIS) = 
12 FOVs from 4 patients, n(DCIS with neoductgenesis) = 11 FOVs from 3 patients]. Tumor and stroma were 
separated with the use of KRT8 (green; tumor border indicated with dashed lines). Nuclei were labelled with 
DAPI. Yellow arrowheads point to vimentin-positive stromal cells (A). Neoductgenesis tumor samples exhibit 



25 
 

higher levels of vimentin in the tumor stroma compared to conventional DCIS tumors, but not statistically 

significantly (p=0.1194, two-tailed Student’s t-test) (B). Scale bars: 200 m and 100 m in ROIs.  

 

Figure 9. High grade DCIS tumors with neoductgenesis show no statistically significant difference in 
cancer cell proliferation. Representative IF images of the cell proliferation marker Ki67 (magenta) (A), and 
quantification of the intratumoral Ki67 area in the tumor areas and normalized to the relative area of nuclei 
(DAPI) (B) [mean ± SD, n(DCIS) = 12 FOVs from 4 patients, n(DCIS with neoductgenesis) = 11 FOVs from 3 
patients]. Tumor and stroma were separated with the use of KRT8 (green; tumor border indicated with 
dashed lines). Yellow arrowheads point to Ki67-positive cells (A). Neoductgenesis tumor samples exhibit less 
cancer cells proliferation compared to conventional DCIS tumors, but not statistically significantly (p=0.1559, 

Mann-Whitney U-test) (B). Scale bars: 150 m and 50 m in ROIs. 
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2.3.2 The amount of intratumoral macrophages is reduced in DCIS tumors with 

neoductgenesis  

Based on the IMC data, an abundance of intratumoral macrophages were observed particularly in 

DCIS tumor samples without neoductgenesis (n=3), especially in ID302 that was the only HER2 

negative tumor in the cohort. Hence, CD68 IF staining of DCIS tissues with and without 

neoductgenesis (n=3-4) were utilized to validate the finding using more tumor samples and larger 

tissue areas. Three to four large images from different parts of the tissue area were imaged using 

confocal microscopy (Figure 10A) and quantified by image analysis (Figure 10B, C). In the image 

analysis, tumor and stroma were distinguished with the use of KRT8, and the area of CD68+ cells 

inside (Figure 10B) and outside (Figure 10C) of the tumor tissue was quantified and normalized to 

the relative tumor area and stromal area, respectively. The analysis shows a significantly higher 

amount of intratumoral macrophages in DCIS samples compared to DCIS tissue samples with 

features of neoductgenesis (p=0.0001) (Figure 10B). In turn, no statistically significant difference 

was seen in the amount of stromal macrophages between the tumor groups (p=0.1100) (Figure 

10C).  
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Figure 10. High grade DCIS tumors with neoductgenesis show significantly lower presence of 
intratumoral macrophages. Representative IF images of macrophage marker CD68 (yellow) (A), and 
quantification of the CD68 signal area normalized to total area of the tumor (B) and stroma (C) [mean ± SD, 
n(DCIS) = 10 FOVs from 4 patients, n(DCIS with neoductgenesis) = 11 FOVs from 3 patients]. Tumor and 
stroma were separated with the use of KRT8 (green; tumor border indicated with dashed lines). Nuclei were 
labelled with DAPI. Red arrowheads point to macrophages inside and outside of tumor (A). Neoductgenesis 
tumor samples exhibit significantly decreased presence of intratumoral macrophages (p<0.0001, Mann-
Whitney U-test) (B) compared to conventional DCIS tumors. Neoductgenesis tumor samples exhibit higher 
levels of CD68-positive macrophages in tumor stroma compared to conventional DCIS tumors, but not 

statistically significantly (p=0.1100, Mann-Whitney U-test) (C). Scale bars: 150 m and 50 m in ROIs. 
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2.4 High grade DCIS tumors with neoductgenesis show abnormal expression 

pattern of the myoepithelial marker keratin 14 (KRT14) 

In addition to SMA labelling in IMC (Figure 6), IF staining of KRT14 was utilized for the 

evaluation of myoepithelial cell features of DCIS tumors with and without neoductgenesis. 

According to KRT14 staining, all examined DCIS tumors (n=2-3) showed myoepithelial cells 

surrounding the cancer cells at the edges of tumor acini separating cancer cells from the 

surrounding stroma (Figure 11). Interestingly, DCIS tumors with neoductgenesis exhibited 

abundant KRT14-positive cells among cancer cells, at the luminal side of the tumor, a feature not 

observed in conventional DCIS tumors (Figure 11). The distinct presence on KRT14-positive cells 

was seen inside the duct-like structures in both of the labelled neoductgenesis tumor samples. 

 

Figure 11. High grade DCIS tumors with neoductgenesis show abnormal myoepithelial cell features. 
Representative images of KRT14 IF staining. DCIS tumors with neoductgenesis [n(DCIS) = 9 FOVs from 3 
patients, n(DCIS with neoductgenesis) = 7 FOVs from 2 patients] show abnormal location of KRT14-positive 
cells. Yellow arrowheads are pointing to KRT14-positive cells. In figures: KRT8 in green, KRT14 in magenta 

and DAPI in blue. Scale bars: 150 m and 50 m in ROIs.  

 

2.5 Ds-sc-Fv-Fc antibody fragments inhibit the proliferation of breast cancer cell 

lines  

Also patients with high grade DCIS, and particularly with neoductgenesis, could benefit from 

HER2-targeted therapies when the tumor has HER2 amplification. In this thesis, the efficacy of 
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disulfide bridge-stabilized scFv antibody fragments (ds-scFv-Fc) derived from trastuzumab were 

compared to the current trastuzumab used in the clinic. In the tested antibody fragments, 

trastuzumab scFv fragments have been fused to the Fc fragment and scFv part has been stabilized 

with a disulfide-bond. Two different ds-scFv-Fc fragments were examined; a bivalent ds-scFv-Fc 

antibody fragment with a stabilizing disulfide bond, and a tetravalent ds-scFv-Fc-ds-scFv fragment 

with four scFvs stabilized with disulfide bonds. In addition, two control fragments were utilized; an 

scFv-Fc fragment without an extra disulfide bond, and a VHR50A ds-scFv-Fc fragment predicted to 

have reduced binding affinity. The effectiveness of these therapeutic antibodies to inhibit cancer 

cell proliferation was analyzed to evaluate whether the ds-scFv-Fc antibody fragments have equal 

or even better efficacy compared to trastuzumab. The fragments could have improved 

pharmacological properties as a clinical settings due to their smaller size and hence better tissue 

penetration (Holliger and Hudson, 2005). In addition, the purpose was to investigate how the 

efficacy of these compounds differs in different breast cancer cells lines that are either HER2-

positive or -negative, or trastuzumab-sensitive or -resistant. The quantification of cell proliferation 

under different treatments was measured during 4-5 days with IncuCyte imaging.  

2.5.1 Trastuzumab impairs the proliferation of trastuzumab-sensitive BT474 cells 

Four different breast cancer cell lines were utilized, BT474, MDA-MB-361 and JIMT-1 having 

HER2 amplification and MCF7 as a control cell line without HER2 amplification (Figure 12A). 

Within 96 hours, trastuzumab significantly (p=0.0022) inhibited the proliferation of HER2-positive 

and trastuzumab-sensitive BT474 cells compared to non-treated control (Figure 12B). Although, 

MDA-MB-361 and JIMT-1 are also HER2-positive, no similar effect were seen due to the 

resistance to trastuzumab (Tanner et al., 2005; Pietilä et al., 2019). As expected, trastuzumab had no 

significant effect on the proliferation capacity of MCF7 cells. (Figure 12B).  
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Figure 12. Trastuzumab impairs the proliferation of trastuzumab-sensitive BT474 breast cancer cells. 
Western blot analysis of HER2 expression in four different breast cancer cell lines: trastuzumab-sensitive 
BT474, and trastuzumab-resistant MDA-MB-361 and JIMT-1 cell lines with HER2 amplification, and MCF7 
as a control cell line without HER2 amplification (A). GAPDH was used as loading control. Cells were treated 

with trastuzumab 50 g/ml or left untreated (NT control) and cell proliferation was measured after 96-hours of 
trastuzumab treatment using IncuCyte imaging (B). Trastuzumab significantly inhibited the proliferation of 
BT474 cells (p=0.0022). (Mean ± SD, n=6, from two independent experiments, Mann Whitney U-test). 

 

2.5.2 MDA-MB-361 cells are more sensitive to ds-scFv-Fc antibody fragments compared 

to the other trastuzumab-resistant breast cancer cell lines 

The effectiveness of the novel ds-scFv-Fc therapeutic antibody fragments was quantified in 

different breast cancer cell lines to evaluate whether these antibody fragments with potentially 

improved pharmacological properties have equal or even better ability to inhibit the proliferation of 

HER2-positive breast cancer cells compared to trastuzumab. Each of four cell lines was cultured in 

vitro with different treatments for 5 days and proliferation of the cells was quantified using 

IncuCyte imaging software. Two individual experiments with three technical replicates per 

treatment were conducted. Statistical analyses were made using GraphPad Prism software and two-

way ANOVA test was used for normally distributed data. 

The in vitro data showed that trastuzumab significantly impaired the proliferation of trastuzumab-

sensitive BT474 cells, as was expected (p=0.0001) (Figure 13A). In addition, scFv-Fc (p=0.0004), 

ds-scFv-Fc (p=0.0001) and ds-scFv-Fc-ds-scFv (p=0.0033) antibody fragments all significantly 

inhibited the proliferation of BT474 cells. Also the control fragment VHR50A dsscFv-Fc 

significantly inhibited the proliferation of BT474 cells (p=0.0006). As expected, trastuzumab had 
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no effect on the proliferation capacity of trastuzumab-resistant breast cancer cell line MDA-MB-

361 (Figure 13B). Interestingly, scFv-Fc (p<0.0001), ds-scFv-Fc (p=0.0003) and ds-scFv-Fc-ds-

scFv (p<0.0001) fragments all significantly inhibited the proliferation of MDA-MB-361 cells. 

Similar to BT474 cells (Figure 13A), the VHR50A ds-scFv-Fc significantly inhibited the 

proliferation of MDA-MB-361 cells (p<0.0001). In addition, the data show that neither trastuzumab 

nor any of the tested antibody fragments significantly affected the proliferation of HER2-positive 

but trastuzumab-resistant JIMT-1 cells (Figure 13C). The same response can be also seen in HER2-

negative MCF7 cells where neither trastuzumab nor any of the fragments significantly affected the 

proliferation of MCF7 cells (Figure 13D). Interestingly, the proliferation capacity of MCF7 cells 

was significantly increased in the presence of tetravalent ds-scFv-Fc-ds-scFv fragment (p=0.0297). 
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Figure 13. MDA-MB-361 cells are more sensitive to ds-scFv-Fc antibody fragments compared to other 
trastuzumab-resistant breast cancer cell lines. BT474 (A), MDA-MB-361 (B), JIMT-1 (C) and MCF7 (D) 

breast cancer cells were treated with trastuzumab (50 g/ml) or the indicated ds-scFv-Fc antibody fragments 

(50 g/ml) for 5 days. Cell confluence was monitored by Incucyte imaging. (Mean ± SEM, n=6 from two 
independent experiments, two-way ANOVA). 
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3 Discussion 

3.1 High grade DCIS with suspected neoductgenesis exhibit abundant immune cell 

infiltration and HER2 receptor overexpression 

Because of the current unmet clinical need to distinguish patients with neoductgenesis from other 

DCIS tumors, this thesis employed IMC and validation by IF to investigate the spatial molecular 

features of neoductgenesis. High grade DCIS tumor samples with and without neoductgenesis were 

obtained through collaboration with Turku University Hospital. The clinical evaluation of patient 

samples was conducted by a breast pathologist.  

In this study, histopathological features specific to DCIS tumors with and without neoductgenesis 

were observed. According to pathologists, tumors with neoductgenesis fulfill the criteria of DCIS 

diagnosis because these tumors are observed as macroscopically and microscopically very similar. 

In this study, based on H&E staining tumors with and without neoductgenesis were also observed to 

be very similar. However, in neoductgenesis tumors closely packed, distorted tumor structures were 

observed. Increased collagen accumulation was observed around these duct-like tumor structures 

which is in accordance with previous studies (Tabár et al., 2022). In addition to the increased 

collagen accumulation, it has been shown that the orientation of collagen fibers changes during 

disease progression. Conklin et al. (2011) showed that the collagen fibers are adjacent to tumor 

margin in DCIS while in IDC collagen fibers are more perpendicularly orientated possibly helping 

cancer cells to invade to surrounding stroma (Conklin et al., 2011). However, in DCIS tumors with 

other poor prognostic markers, such as HER2-positivity perpendicularly localized collagen fiber are 

more present (Conklin et al., 2018). Hence, it would be interesting to investigate the organization of 

collagen fibers in the neoductgenesis tumors. 

In general, high grade DCIS tumors are associated with an increased immune cell infiltration 

observed in tumor stroma (Thompson et al., 2016), which was also seen in the DCIS samples used 

in this study. In addition, the tumor samples with features of neoductgenesis showed thick 

lymphocytic infiltration surrounding these newly formed duct-like structures which is also in 

accordance with previous studies (Łazarczyk et al., 2023). Some of the tumors with features of 

neoductgenesis, for example ID406, had very strong immune cell infiltration in the stroma. This 

strong immune cell infiltration was observed particularly around the suspected neoducts not present 

in the conventional DCIS tumors. Breast cancers have for a long time been considered so-called 

“cold” tumors due to their low density of immune cells in the TME (Zhang et al., 2022). However, 
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for the past few years, new data has accumulated about the role of immune cells in the breast cancer 

microenvironment, and understanding the importance of immune cells in the treatment outcomes of 

breast cancer is starting to shift the consensus (Chen et al., 2024). However, it is less clear what the 

effect of the immune cells is in DCIS progression and what is their relevance to breast cancer 

prognosis due to the contradictory results (Pruneri et al., 2017). Toss et al. (2018) studied the 

prognostic significance of TILs based on their localization in DCIS tumors. They found that 

“touching TILs”, in contact or very close to the basement membrane, were significantly associated 

with shorter recurrence-free interval compared to TILs that were further away from DCIS tumor 

acini (Toss et al., 2018). In addition, they showed that high density of TILs in the tumor stroma was 

associated with local recurrence and cancer progression in DCIS patients. 

In this study, the immune cell infiltration was observed particularly around the duct-like structures 

very close to basement membrane of the tumor acini in neoductgenesis tumors. Hence, it would be 

interesting to further quantify the density of touching immune cells between the high grade DCIS 

tumors with and without neoductegenesis. The abundant stromal immune cell infiltration in tumor 

samples with neoductgenesis also indicates, that there could be opportunities to benefit from the 

current immune-oncological treatments that are intensifying the immune system to eliminate cancer 

cells. For example, TNBC is a breast cancer subtype that exhibits greater presence of immune cells 

in the TME compared to other breast cancer subtypes (Liu et al., 2018), and immune checkpoint 

inhibitor have been shown to be highly effective in the treatment of TNBC (Emens et al., 2020). 

Many immune checkpoint inhibitors have already been approved for the treatment of TNBC. These 

treatments may also have potential therapeutic effect in neoductgenesis tumors as well due to the 

immune cell rich TME. At the same time, the lack of macrophages inside the neoductgenesis tumor 

acini, observed in this study, could indicate mechanisms of immunosuppression.  

The overexpression of HER2 receptor has previously been shown to be common in the neoducts 

(Tabár et al., 2022), and therefore the IHC staining of HER2 was performed. DCIS tumor samples 

with neoductgenesis used in this study showed overexpression of HER2 receptors which is in 

accordance with previous studies (Zhou et al., 2017; Tabár et al., 2022). The HER2 receptor status 

of two neoductgenesis tumor samples ID401 and ID403 was previously observed by a pathologist to 

be 3+ and our staining confirmed that. The HER2 staining of the third neoductgenesis sample 

ID405 was not successful due to the lack of tumor area in the tissue, but it seemed to be HER2-

positive as well. The HER2 staining also showed that two of the DCIS tumor samples, ID301 and 

ID305, had also HER2 receptor overexpression. The DCIS tumor sample ID302 was the only 

sample with no HER2 overexpression. Since HER2 receptor overexpression is associated with a 
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more aggressive tumor phenotype (Thorat et al., 2021), abundant HER2 receptor overexpression in 

neoducts support its aggressive nature. As neoductgenesis tumors are currently under in situ 

diagnosis, the patients do not get the benefit from HER2 targeted therapies in the absence of proof 

for a significant therapeutic effect in HER2-positive DCIS (Cobleigh et al., 2021). Therefore in 

Finland, the HER2 targeted therapy is currently restricted to metastatic breast cancer. Due to the 

HER2 overexpression and the potentially aggressive and invasive nature of neoductgenesis, these 

patients could benefit from HER2-targeted therapies such as trastuzumab. In addition, as a breast 

conserving surgery may not represent an optimal treatment approach for these patients due to the 

large tumor burden of neoductgenesis, the significance of neoadjuvant/adjuvant therapies for such 

cases becomes paramount.  

3.2 Increased vascularisation and loss of intratumoral macrophages may be 

associated with the aggressiveness of neoductgenesis 

The formation of new blood vessels is significant for tumor growth and progression (Hanahan and 

Weinberg, 2011). According to results from IMC, increased vascularization was observed in the 

neoductgenesis tumors, and validation of CD31 immunolabelling in the whole tissue sections 

confirmed that. However, it is not known whether the significantly increased vascularization 

observed in the neoductgenesis tumors is newly formed blood vessels or whether the abundant 

vascularity is linked to a potentially different location of the tumor in the ductal part of the 

mammary gland, as previously proposed (Tabár et al., 2022). Previous studies have shown that the 

formation of new blood vessels in tumor stroma increases the risk of recurrence in DCIS patients 

(Teo et al., 2003). Therefore, it is likely that the higher vascularity of these tumors supports the 

invasive and aggressive nature of neoductgenesis.  

In addition, the lack of intratumoral macrophages within the neoducts could support the aggressive 

nature of neoductgenesis. In this study, CD68+ macrophages were observed in the stroma and 

inside the tumor acini (intratumoral) of the conventional DCIS samples. However, the DCIS tumors 

with neoductgenesis showed significantly lower amount of intratumoral macrophages. Linde et al. 

(2018) investigated the role of intratumoral macrophages in intravasation of breast cancer cells. 

They showed that high grade DCIS tumors had significantly increased density of intratumoral 

macrophages compared to low-grade DCIS tumors (Linde et al., 2018). Linde et al. (2018) also 

showed that high density of intratumoral macrophages correlated with HER2 overexpression in 

mice. In this study, the HER2 overexpression and the number of intratumoral macrophages did not 

correlate. In fact, the only tumor sample ID302 without HER2 overexpression had the most 
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intratumoral macrophages. In general, the prognostic significance of the intratumoral macrophages 

in DCIS patients has not been investigated. However, Risom et al. (2022) showed that immune cells 

had better access to the tumors when the myoepithelial cell layer of DCIS tumors was thin and 

discontinuous, and this was associated with better outcome (Risom et al., 2022). In addition, 

Shinohara et al. (2022) showed that higher density of more M1-type CD68+ and PDL1-positive and 

CD163-negative intratumoral macrophages were associated with favourable clinical outcome in 

TNBC (Shinohara et al., 2022). Hence, it would be interesting to investigate the M1/M2 polarity of 

the intratumoral TAMs in DCIS and neoductgenesis tumors.  

In this study, elevated density of stromal CD68+ macrophages was observed in the stroma of DCIS 

tumors with neoductgenesis, although this difference was not statistically significant. Although the 

significance of the stromal macrophages has been widely studied in breast cancer, less is known 

about the role of macrophages in DCIS. Increased density of stromal CD68+ macrophages was 

previously associated with invasive recurrence in patients with DCIS (Chen et al., 2020). Chen et al. 

(2020) also showed that especially higher density of CD163+ M2-type TAMs in tumor stroma was 

significantly associated with poorer disease-free survival in DCIS patients. Also, Jääskeläinen et al. 

(2024) showed that high number of CD163+ M2-type TAMs is independently associated with poor 

prognosis in patients with HER2-positive breast cancer (Jääskeläinen et al., 2024). Therefore, the 

number of M2 type TAMs in the stroma of neoductgenesis tumors would be a very interesting topic 

to investigate in the future. As higher presence of stromal macrophages has been linked to increased 

density of angiogenesis in the tumor stroma (Leek et al., 1996), the observed higher vascularity and 

the higher amount of macrophages in the stroma of neoductgenesis tumors could potentially be 

connected. However, this remains to be investigated.   

3.3 Vimentin and Ki67 do not appear to be specific biomarkers for neoductgenesis 

According to the IMC data, increased stromal vimentin was visually observed in the neoductgenesis 

tumors, but no significant difference was observed in quantitative image analysis. Vimentin is a 

type III intermediate filament protein mainly expressed by fibroblasts, immune cells and endothelial 

cells. It has been shown that vimentin has many functions in breast cancer. For instance, vimentin is 

involved in EMT which promotes the loss of cell-cell adhesion and increases cell migration 

(Mendez et al., 2010). It has also known that vimentin is enhances the invasion of breast cancer 

cells (McInroy and Määttä, 2007). In this study, vimentin expression was observed mostly in the 

stroma, and not in cancer cells. The strong density of stromal vimentin observed in neoductgenesis 
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tumors is likely linked to their increased immune cell infiltration but does not appear to be specific 

biomarker for neoductgenesis.  

Increased cancer cell proliferation was also observed in the neoductgenesis tumors based on the 

IMC analysis. However, this finding could not be validated by IF imaging of Ki67 in whole tissue 

sections. In fact, some parts of neoductgenesis tumor areas had even lower cancer cell proliferation 

compared to conventional DCIS. It is possible that the areas that were selected for IMC had 

coincidentally more cancer cell proliferation. The maximum area selected for IMC analysis was 

allowed to be only 1 mm x 1 mm and while DCIS typically is very heterogeneous even within in 

single patient that small area does not represent the tissue in a whole. The density of Ki67 signal in 

fully scanned tissue slides appeared very similar between DCIS and neoductgenesis tumors 

supporting the fact that the areas selected for confocal microscopy imaging and quantification were 

representative. In all, large variation was observed in the proliferation of all analyzed tumors. 

Therefore, the proliferation of cancer cells does not appear to be a specific biomarker for 

neoductgenesis based on this study.   

3.4 Atypical expression pattern of keratin 14 in neoductgenesis tumors might 

serve as a conceivable biomarker for neoductgenesis 

In general, myoepithelial cell markers (SMA, p63, KRT14) are important tools in breast cancer 

diagnostics to differentiate between invasive and localized (in situ) breast cancer. In early-stage 

breast cancer, the presence of a myoepithelial cell layer can be observed, while the loss of 

myoepithelial cell layer means that the cancer has invaded to surrounding stroma and hence is a 

hallmark of invasive breast cancer (Werling et al., 2003). Based on the IMC analysis, the expression 

of myoepithelial cell marker SMA was evenly distributed around high grade DCIS tumors with 

and without neoductgenesis. Additionally, another myoepithelial cell marker KRT14 was utilized in 

the IF analysis of DCIS tumors. According to IF validation, KRT14-positive basal cell layer was 

observed surrounding DCIS tumors with and without neoductgenesis. Interestingly, high density of 

KRT14+ cells was consistently observed also inside the tumors with neoductgenesis. Based on their 

location, shape and KRT8 expression level, these cells appeared to be cancer cells. However, 

whether these cells are displaced normal basal cells or KRT14+ cancer cells with myoepithelial 

features remains to be further studied.  

It has been shown that KRT14high basal cells are more prominent in ductal parts of mammary gland 

(Peurla et al., 2023). Additionally, KRT8+KRT14+ double-positive luminal epithelial progenitor 
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cells have been suggested to resign predominantly in the ductal parts of the human breast. As it has 

been suggested that neoductgenesis is originating from major lactiferous ducts rather than the 

TDLU structures where breast cancer often arises (Tabár et al., 2022), the presence of KRT14+ 

cells might be linked to this ductal origin. Collective invasion of breast cancer was previously also 

shown to be mediated by KRT14+ migratory cancer cells (Cheung et al., 2013; Cheung et al., 

2016). Therefore, one hypothesis to be tested in the future experiments is whether the KRT14+ cells 

inside the neoducts are more migratory and thus form the new cancerous duct-like structures 

specific to neoductgenesis tumors.  

There is growing evidence suggesting that myoepithelial cells around the DCIS tumors are 

immunophenotypically different compared to myoepithelial cells surrounding normal breast ducts 

and TDLUs. For instance, Hilson et al. (2009) showed that in some of the DCIS cases, the 

myoepithelial cells are expressing less SMA or cytokeratin 5/6, so the expression profile of the 

myoepithelial cell markers can be different between the DCIS tumors (Hilson et al., 2009). Hence, 

when studying the myoepithelial integrity of the neoductgenesis tumors it would be advisable to use 

more than one myoepithelial cell marker.  

3.5 Ds-scFv-Fc antibody fragments show efficacy in HER2 targeting 

Trastuzumab remains a cornerstone of the treatment of HER2-positive breast cancer. Despite its 

efficacy and the improvement of prognosis and quality of life in HER2-positive breast cancer 

patients, the development of drug resistance against trastuzumab remains a significant clinical 

problem (Ibragimova et al., 2024). Hence, there is an unmet need to provide solutions for 

improvement of the survival of patients with HER2-positive breast cancer. The potency of novel 

disulfide bridge-stabilized scFv-Fc antibody fragments derived from trastuzumab with potentially 

improved pharmacological properties and improved tumor penetration (Yokota et al., 1992) was 

explored in this thesis in comparison to trastuzumab.  

Based on the results of this study, BT474 cell line was the only cell line sensitive to trastuzumab, as 

expected (Zazo et al., 2016). Although, MDA-MB-361 and JIMT-1 also have HER2 amplification, 

they are resistant to trastuzumab (Köninki et al., 2010). As trastuzumab does not cross the cell 

membrane, this resistance might be due to the different localization of HER2 receptors in cells. 

Indeed, it has been shown that MDA-MB-361 and JIMT-1 cells exhibit more intracellular HER2 

compared to BT474, where the HER2 receptors are more localized to the plasma membrane (Pietilä 

et al., 2019).  
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All of the ds-scFv-Fc antibody fragments tested in this study significantly inhibited the proliferation 

of trastuzumab-sensitive BT474 cells, although they had inferior potency to suppress the 

proliferation compared to trastuzumab. Although the tetravalent fragment has two times more 

binding sites compared to bivalent antibody fragment, its ability to inhibit the proliferation of 

BT474 cells was weaker compared to bivalent antibody fragment. Interestingly, the scFv-Fc control 

fragment without the stabilizing disulfide bond and the VHRO50A as control fragment with 

reduced binding affinity also induced significant reduction in BT474 cell proliferation. Based on 

this, it is possible that the stabilizing disulfide bond in the sc-part of antibody may not be necessary. 

Furthermore, it appears that the binding affinity of VHRO50A control fragment may not be very 

much lower compared to the other tested antibody fragments, which should be further evaluated. In 

future studies, it would be important to include control fragments that are not targeted to HER2.  

As expected, neither trastuzumab nor the ds-scFc-Fc antibody fragments inhibited the proliferation 

of MCF7 cells. Interestingly, the tetravalent (ds-scFv-Fc-ds-scFv) fragment significantly increased 

the proliferation capacity of MCF7 cells compared to non-treated control. This effect was not seen 

in the other cell lines. The concentration of the tetravalent fragment was also two to three times 

lower compared to other fragments, so the volume added to the cells was two-fold. Hence, one 

possibility is that the increased volume (PBS) of the cultures increased the proliferation of these 

cells somehow.  

This study also demonstrates that all the tested ds-scFv-Fc fragments significantly inhibited the 

proliferation of trastuzumab-resistant MDA-MB-361 cells, while neither of the antibody fragments 

affected the proliferation of JIMT-1 cells. The reason why trastuzumab-resistant cell lines MDA-

MB-361 and JIMT-1 are responding differently to ds-scFv-Fc fragments might be due their 

different cell line-specific properties. One of the factors influencing this may be the expression of 

sorting-related receptor (SORLA) in the breast cancer cells. SORLA is intracellular sorting protein 

which regulates the localization of HER2 receptors. Pietilä et al. (2019) have investigated the role 

and expression of SORLA in carcinoma cells and they showed that cells with high levels of SORLA 

have more HER2 receptor localized at the plasma membrane. They investigated the levels of 

SORLA in different breast cancer cell lines and found that trastuzumab-sensitive BT474 cells had 

highest SORLA levels on cell surface, MDA-MB-361 had intermediate whereas JIMT-1 cells had 

lowest expression of SORLA. (Pietilä et al., 2019). The fact that MDA-MB-361 have higher 

expression of SORLA than JIMT-1 cells and hence more plasma membrane-localized HER2 

receptors (Pietilä et al., 2019) could potentially explain the difference between the response to the 

ds-scFv-Fc fragments.  
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Köninki et al. (2010) also showed that both JIMT-1 and MDA-MB-361 cell lines have a mutated 

PIK3CA gene and low phosphatase and tensin homolog (PTEN) mRNA levels (Köninki et al., 

2010). Although trastuzumab binds to HER2 receptors, mutated PIK3CA gene is keeps the PI3K-

Atk signalling cascade active which is enhancing cancer cell survival (Junttila et al., 2009). Köninki 

et al. (2010) also showed that JIMT-1 cells have high expression of neuregulin 1 (NRG1) which has 

been shown to be one of the resistance mechanisms to trastuzumab (Yang et al., 2017). This might 

be the reason why JIMT-1 cells with high expression of NRG1 are able to avoid the effect of these 

antibody fragments.  

The fact that ds-scFv-Fc fragments had superior potency to suppress the proliferation of MDA-MB-

361 cells compared to trastuzumab means that the fragments must somehow affect the cells 

differently from trastuzumab. Possible explanations include the smaller size of the fragments with 

improved binding kinetics. However, the tetravalent fragment has approximately the same size as 

trastuzumab (approx. 150 kDa) and still was superior in efficacy compared to trastuzumab. This 

finding could be also related to the binding affinity of the fragments. With higher affinity the 

fragments could bind to HER2 better than trastuzumab or even bind in different part of the HER2 

receptor, which would allow them to block for example HER2-HER3 heterodimerizations, that has 

been shown to promote breast cancer proliferation (Lee-Hoeflich et al., 2008). The binding affinity 

of the fragments compared to trastuzumab remains to be evaluated. 

Taken all together, while more investigation needs to be done, these novel ds-scFv-Fc antibody 

fragments may offer clinical opportunities against trastuzumab-resistance as future therapeutic 

antibodies. Since, breast cancer is in general very heterogeneous, those patients that do not respond 

to trastuzumab or other HER2-targeted therapies could possibly benefit from these antibody 

fragments.  

3.6 Limitations of this study  

One significant limitation of this study is the small size of the discovery set of tumor samples. To 

really evaluate the significance of the observed neoductgenesis-specific molecular features, these 

results need to be validated in a bigger sample cohort of high grade DCIS tumors. In addition, a 

limitation associated with small sample size is that the variability within the samples might obscure 

some of the differences besides decrease the statistical power of this study.  

The number of images taken for quantitative image analysis could also affect the statistical power 

of this study, as the samples are very heterogenous. More comprehensive analysis of the tissue 
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sections would thus be beneficial. In addition, IF staining of tissues involves autofluorescence 

which can interfere with the detection of specific signal. Especially, when tumor and stromal areas 

were separated with the KRT8 signal, some unspecific signal was observed in the stroma which 

disturbed the quantifications. Human bias may also have affected image quantification as the 

imaged areas were selected and segmented manually.  
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4 Conclusion 

In this master’s thesis the specific histopathological and molecular features of neoductgenesis were 

investigated. The analysis of patient samples revealed molecular features that are in line with the 

reports of aggressive and invasive nature of neoductgenesis, namely HER2 overexpression, 

significantly increased stromal vascularity, and significant loss of intratumoral macrophages. 

Another very important finding was that neoductgenesis tumors showed abundant KRT14-positive 

cells inside the duct-like tumor structures, which could indicate its distinct origin. The findings of 

this study may serve as potential biomarkers for neoductgenesis in the future. 

In addition, in this master’s thesis, the efficacy of disulfide bridge-stabilized scFv antibody 

fragments was compared to trastuzumab used in the clinic. The aim was to assess their capacity to 

inhibit the proliferation of HER2-positive breast cancer cells to ultimately offer alternative solutions 

to overcome trastuzumab resistance. These novel ds-scFv-Fc antibody fragments showed superior 

efficacy to inhibit the proliferation of trastuzumab-resistant but HER2-positive breast cancer cells. 

Hence, these fragments may have clinical potential to battle against trastuzumab resistance as future 

therapeutic antibodies in both HER2-positive breast cancers as well as other cancers with HER2 

amplification.  

The results obtained from this study indicate that neoductgenesis has specific molecular features 

that may explain its distinct and invasive nature and hence it would be very important that patients 

with neoductgenesis could receive the correct diagnosis and the best possible treatment according to 

their needs. Further research is needed to validate the existing biomarkers and discover new ones as 

well as investigate the molecular mechanism behind this phenomenon. However, these findings 

hold potential to differentiate the patients with neoductgenesis from DCIS in the future as well as 

advance our comprehension of the underlying molecular mechanisms behind this phenomenon.  
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5 Materials and Methods 

5.1 Tumor samples  

Clinical tissue material was obtained from patients undergoing breast cancer surgery through our 

established collaboration with Turku University Hospital. Tumor samples have been clinically 

evaluated by radiologists and pathologists (Table 1). All breast tissue donors provide written 

informed consent for the tissue collection. The protocol has been ethically approved by Varha 

(Dnro: 23 /1801/2018 with amendments 20.3.2018, 19.2.2019, and 17.1.2023) and permitted by the 

Turku University Hospital (T107/2018-1). 

 

Table 1. Detailed description of DCIS tumor samples with and without neoductgenesis used in this 
study. 

According to diagnoses made by pathologist, ID30X samples represent conventional DCIS tumor samples 
and ID40X samples represent DCIS tumor samples with suspected neoductgenesis. The HER2 receptor 
status was clinically determined from four tumor samples. Six of the tumor samples were used for the IMC 
analysis and seven of the tumor samples were used for the IF staining.  

 

5.2 Molecular profiling of tumor samples with IMC 

FFPE tissue samples from six different patients were selected for the IMC analysis (Figure 14A). 

Representative part of each tumor was selected based on the H&E figures, and FFPE blocks of 

tumor tissues were sectioned into 5 µm and transferred to glass slides. Three of the FFPE tissue 

samples represented high grade DCIS (ID30X) and three FFPE tissue samples represented high 

grade DCIS with features of neoductgenesis (ID40X) according to pathologists’ evaluation (Figure 

14B). FFPE tissue sections were stained using a pre-designed panel containing 28 metal-conjugated 
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antibodies (Fluidigm) against human structural feature proteins and immune cell markers (Figure 

14C). Tissue sections were stained using general IF protocol. Briefly, deparaffinization was done 

with xylene and tissue sections were rehydrated with a series of decreasing ethanol dilutions. 

Antigen retrieval was conducted by incubating the tissue sections in pressure cooker for two hours 

in citrate buffer (Target Retrieval Solution, Citrate pH 6, Agilent Dako). The sections were then 

washed with Milli-Q water and blocked for 45 min in blocking buffer (10% FBS-PBS). Metal 

conjugated antibodies were diluted in blocking buffer as optimized to human breast cancer tissue 

and some dilutions used were based on the manufacturers’ recommendation (Figure 14C). Slides 

were then incubated o/n in a humidified chamber at +4°C. On the next day, sections were washed 

twice with 0.2% Triton X-100 in PBS followed by washes with PBS. Then sections were incubated 

with Cell-ID (Intercalator-103Rh, dilution 1:200) in PBS for 30 minutes at room temperature (RT) 

and then washed with Milli-Q water and dried and stored at RT before analysis. For IMC analysis, 

areas (max. 1 mm x 1 mm) were selected according to the H&E slides of the tumor samples, 

concentrating on for instance interesting looking tumor structures with strong immune cell 

infiltration. Two ROIs per each section were selected and these areas were analyzed with the 

Hyperion IMC system (Fluidigm) at Imaging mass cytometry Core Facility in Turku, Finland. 

Briefly, the selected areas were ablated with a laser and the ablated materials were transferred to the 

mass cytometer which then measured the metal isotopes with time-of-flight technology at 1μm2 

resolution. The data was exported as MCD files and visualized using MCD viewer software 

(1.0.560.6, Fluidigm). 
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Figure 14. Six different FFPE patient samples were selected for the IMC analysis. Patient sample panel 
consists of three high grade DCIS (ID30X) tumors and three high grade DCIS tumors with features of 
neoductgenesis (ID40X) (A). Patient samples have been evaluated by pathologist (B). FFPE tissue sections 
were stained using pre-designed antibody panel containing 28 metal-labelled antibodies against human 
structural feature proteins and immune cell markers (C). Part of the dilutions were optimized to human breast 
cancer tissue and some dilutions used were based on the manufacturers’ recommendation as starting 

concentration.Scale bars: 500 m. 

5.3 Validation of markers detected with IMC using IF 

According to the IMC results visually evaluated with MCD viewer software, five different markers 

were chosen based on their different appearance in both ROI areas between DCIS and DCIS with 
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neoductgenesis samples. FFPE tissue sections from seven different patients were utilized for the 

validation set, four DCIS tumor samples (ID30X) and three neoductgenesis tumor samples (ID40X) 

(Figure 15A, B). Three antibody panels were designed including antibodies for the five selected 

markers and common structural markers of mammary tissue (Figure 15C). For IF staining of these 

markers, first FFPE blocks were cut into 5 μm thick tissue sections, then deparafinized with xylene 

and rehydrated with decreasing ethanol gradient. Antigen retrieval was conducted by boiling slides 

in citrate buffer for 2 hours in pressure cooker. Then tissue sections were moved to PBS and before 

blocking microscope glass was carefully dried with soft tissue and PAP-pen was used to draw circle 

around the tissue sections. Then tissue sections were blocked 1h using 10% FBS-PBS. In first 

antibody panel, seven tissue sections were stained by primary antibodies against KRT8 (Troma-I, 

TROMA-I-c, Hybridoma Bank, dilution 1:800), CD31 (EPR3094, ab76533, Abcam, dilution 1:100) 

and CD68 (KP1, ab955, Abcam, dilution 1:200). In second antibody panel, seven tissue sections 

were stained by primary antibodies against KRT8 (Troma-I, TROMA-I-c, Hybridoma Bank, 

dilution 1:800), Ki-67 (GR3375556-1, ab15580, Abcam, dilution 1:250) and vimentin (V9, 347M-

1, Sigma, dilution 1:1000). In third antibody panel, 5 tissue sections (ID301, ID302, ID305, ID401 

and ID403) were stained by primary antibodies against KRT8 (Troma-I, TROMA-I-c, Hybridoma 

Bank, dilution 1:800), KRT14 (905301, Biolegend, dilution 1:1000) and CD45 (MEM-28, ab8216, 

Abcam, dilution 1:200). Primary antibodies were incubated 1 hour in RT and then overnight at 4°C 

in 10% FBS-PBS. Then tissue sections were washed 3 x 5 min with PBS and secondary antibodies 

against rat (Alexa Fluor 488 (A21208), Invitrogen), rabbit (Alexa Fluor 568 (A10042), Invitrogen) 

and mouse (Alexa Fluor 647 (A31571), Invitrogen) were diluted 1:400 in 10% FBS-PBS and 

incubated 1 hour in RT in humidified chamber protected from light. Secondary controls were 

included. Then tissue sections were washed with PBS 1 x 5 min and incubated with DAPI 

(Invitrogen, 1:1000) in PBS 10 min in RT e. Then tissue sections were washed with PBS 2 x 5 min 

and rinsed with dH20 before mounting. Tissue sections were mounted with Mowiol® (Calbiochem) 

supplemented with 2.5% 1,4-diazabicyclo(2.2.2)octane (DABCO, Sigma-Aldrich) and stored at RT 

protected from light. The labelled tissue sections were first scanned with Pannoramic Midi 

fluorescence slide scanner and then randomly selected interesting looking areas of the tissue 

sections were imaged with 3i Marianas CSU-W1 spinning disk confocal microscope (Intelligent 

Imaging Innovations, Inc.), equipped with a Photometrics Prime BSI sCMOS camera (2048x2048 

pixels), and image acquisition was performed with Slidebook 6 software, where 2-4 FOVs were 

imaged per tissue sample using identical microscope settings and identical exposure times within 

different panels. The images acquired with Zeiss Plan-Apochromat 20x/0.8 NA objective. DAPI 

was excited with 405nm solid state laser, and emission captured with a 445/45nm filter. KRT8 was 
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excited with 488 nm solid state laser, and emission captured with a 525/30nm filter. CD31, Ki67 

and KRT14 were excited with 568nm solid state laser, and emission captured with 617/73nm filter. 

CD68, VIM and CD45 were excited with 647nm solid state laser, and emission captured with 

692/40nm filter.  

 

Figure 15. FFPE tissue sections from seven different patients were utilized for the IF validation set. 
Patient sample set consist of four DCIS tumor samples (ID30X) and three neoductgenesis tumor samples 
(ID40X) (A). Patient samples have been evaluated by pathologist (B). Three antibody panels were designed 
including antibodies for the five selected markers and common structural markers of mammary tissue (C). 

Scale bars: 500 m. 

5.4 Image quantification and statistical analysis 

To determine the difference in the amount of proliferation between DCIS tumors and DCIS tumors 

with neoductgenesis, the area of intratumoral Ki67 was quantified from both sample groups. Tumor 

areas in the images were first segmented according to KRT8 signal labelling the epithelium, and 

nuclei signal inside the tumor areas were segmented according to DAPI signal. Ki67 signal was 

then tresholded and measured within the tumor, and normalized to the relative area of nuclei. Data 
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normality was assessed with Shapiro-Wilk normality test, and Mann-Whitney U-test was performed 

to assess the statistical significance of the results. 

Similarly, to determine the difference in the amount of CD68+ intratumoral macrophages, tumor 

area was segmented according to KRT8 signal as above. Intratumoral CD68 signal was then 

thresholded, measured and then normalized to the relative tumor area. Data normality was assessed 

with Shapiro-Wilk normality test, and Mann-Whitney U-test was performed to assess the statistical 

significance of the results. 

Finally stromal CD68+ macrophages, vimentin and CD31 signal were quantified by segmenting the 

tumor area according to KRT8 signal, inverting the results to obtain stromal area. The stromal 

CD68+ macrophages, VIM and CD31 signals were then tresholded, measured and normalized to the 

relative area of stroma. Data normality was assessed with Shapiro-Wilk normality test, and un 

unpaired T-test was performed to assess the statistical significance of the results. Image analysis 

was performed using ImageJ software (version 2.1.0/1.53c), and statistical analyses were conducted 

with GraphPad Prism (version 10.0.0).  

5.5 IHC staining of HER2 

HER2 IHC staining was utilized to determine the HER2 status in DCIS tumors with and without 

neoductgenesis. The routine staining of HER2 was conducted in the service of Histocore for six 

tumor samples, the same used for IMC. First, FFPE tissue sections were deparaffinized and 

rehydrated followed by antigen retrieval in pressure cooker (Decloaking chamber, Biocare Medical 

NxGen) with citrate buffer (pH 6, BioSite BSC-OKHURL) in 20 minutes. Blocking was conducted 

at RT using endogenous enzyme block (hydrogen peroxide) and pre protein block (WellMed BD09-

125). The HER2 staining (HER2 A0485, Dako, dilution 1:250) was conducted in (semi)automate 

Labvision autostainer (Thermo-Fisher Scientific) with 1 h incubation at RT.  

5.6 Analysis of cell proliferation and viability in vitro 

5.6.1 Cell lines and culture conditions 

Four different cells breast cancer cell lines were selected for the experiment. HER2-positive cell 

lines BT474, MDA-MB-361 and JIMT-1 as well as HER2 negative cell line MCF7 were 

maintained in DMEM/F12 GlutamaxTM (Gibco) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin-streptomycin and cultured in 10cm cell culture flasks at 37°C with 5% CO2 and 
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95% humidity. Cells were passaged weekly using 0.25% trypsin-EDTA (Gibco). Cells were 

checked for the absence of mycoplasma contamination.  

5.6.2 Western blot 

To determine the HER2 expression profile of these cell lines, cell pellets were collected from each 

of the cell lines and lysates were made. Protein concentrations were measured using BioRad kit and 

the absorbance were measured with Ensight plate reader, and the protein concentrations of cell 

lysates were balanced. The samples were prepared for the western blot run by adding 6x SDS 

sample buffer to the lysates and boiling them at 95 °C for 10 min. Then samples were loaded on a 

10-well 4-20% Mini-PROTEAN TGX gel (BioRad) and run 15 min at 100 V and then 45 min at 

130 V to separate the proteins by size. After the run, proteins were transferred to TransBlot Turbo 

Mini PVDF membrane (Bio-Rad) by using TransBlot Turbo transfer system (BioRad) and program 

for large proteins. After transferring, membrane was blocked in 5% BSA in 0.1% TBS-Tween for 1 

h at RT to avoid nonspecific binding. The primary antibody against HER2 (1:1000) was diluted in 

blocking buffer (1:1000) and the membrane was incubated in the primary antibody solution 

overnight at 4°C. The membrane was also incubated with primary antibody against GAPDH 

(5G4cc, HyTest, 1:2000) for 1 h at RT. The membrane was incubated in anti-rabbit secondary 

antibody (926-68073, IRDye, 1:4000) and anti-mouse secondary antibody (926-32212, IRDye, 

1:4000) diluted in blocking buffer for 1 h at RT. Washes were conducted after primary and 

secondary antibody incubations with 5% BSA in 0.1% TBS-Tween for 3 x 5 min. The protein 

detection was conducted with Odyssey CLx imaging system (LI-COR).  

5.6.3 Optimization of cell plating density and dose selection of trastuzumab 

The sufficient plating density was evaluated for the main experiment. For the evaluation 5000, 

10 000, 15 000, 20 000 and 25 000 cells per well of BT474, MDA-MB-361 and JIMT-1 cell lines 

were plated on a 96 well plate. In addition, 10 000, 15 000, 20 000 and 25 000 cells per well of 

MCF7s were plated on a 96 well plate. Plates were then incubated 72 hours at 37°C with 5% CO2 

and 95% humidity and the proliferation of cells were detected with IncuCyte imaging system 

(10.65.14.2, IncuCyte S3, Sartorius). Optimal dose for trastuzumab were also evaluated. For 

optimal dose selection, trastuzumab-sensitive BT474 cells were plated on a 96 well plate, 10 000 

cells per well with three replicate wells. On the following day the cells were treated with 

Trastuzumab (Trastuzumab A2007 in PBS pH 7.2, Sellechem) concentrations of 1, 5, 10, 50 ug/ml. 

The proliferation of the cells was monitored with IncuCyte imaging system as above.  
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5.6.4 Analysis of cell proliferation in the presence of trastuzumab and ds-scFv-Fc 

antibody fragments 

BT474, MDA-MB-361, JIMT-1 and MCF7 were plated on 96-well plate at a density of 10 000 

cells/well with three replicates and incubated overnight to achieve adherent cell layer. On the 

following day, the cells were treated with trastuzumab and two ds-scFv-Fc antibody fragments (in 

PBS, pH 7.4) and two control fragments derived from trastuzumab (Trastuzumab A2007 in PBS pH 

7.2, Sellechem) in concentration of 50 ug/ml diluted in culture medium (200 ul per well); 1) 

Trastuzumab (A2007, Sellechem), 2) bivalent ds-scFv-Fc antibody fragment derived from 

trastuzumab, 3) tetravalent ds-scFv-Fc antibody fragment derived from trastuzumab, 4) scFv-Fc 

antibody fragment without extra disulfide bond and 5) inactivated VH R50A ds-scFv-Fc fragment, 

all produced at the lab of Urpo Lamminmäki. Plates were incubated for 5 days (120 h) at 37°C with 

5% CO2 and 95% humidity and cell proliferation was monitored with IncuCyte imaging system. 

Two independent experiments were conducted. 

5.6.5 Quantification of cell proliferation and statistical analysis 

The quantification of cell proliferation was made using IncuCyte imaging software. New analysis 

definition was made to determine the confluence in six different time points for each of the cell 

lines separately. Confluence at each timepoint and condition was determined using representative 

images of each cell line and visually defining the analysis settings so that the cell confluence was 

measured appropriately from the representative images. The defined settings were then applied to 

the whole experimental data. The data was visualized, and statistical analysis performed using 

GraphPad Prism (version 10.0.0) software. Two-way ANOVA was used to determine the statistical 

differences between the treatments to inhibit the proliferation of these breast cancer cells lines. 
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TIL  Tumor infiltrating lymphocyte 
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