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Chapter 1

Introduction

Breast cancer is a global health problem and the leading cause of cancer related death 
in women1. The worldwide incidence of breast cancer will be about 2.1 million and it 
is estimated that more than 600,000 patients will die from this disease in 20181. Due 
to its complicated nature, breast cancer often needs multidisciplinary therapy involving 
surgery, radiotherapy, and systemic treatment. Surgery is one of the cornerstones of 
treatment for patients with early breast cancer. Since the 1980s, surgical treatment for 
breast cancer developed towards a less invasive and less mutilating surgical procedure 
based on data from randomized clinical trials demonstrating an equivalent outcome 
of mastectomy versus breast conserving surgery combined with radiotherapy2–4. 
Similarly, an equivalent outcome was observed between a complete axillary lymph node 
dissection (ALND) and a refinement through the introduction of the sentinel lymph node 
biopsy5,6, preventing unnecessary ALND. Therefore, through surgical refinement in the 
treatment of breast cancer, breast conserving surgery and sentinel lymph node biopsy 
have become the standard of care for patients with early breast cancer. This allows 
sparing as much normal tissue as possible, as well as preventing treatment associated 
toxicity7,8. Especially the combination with radiotherapy has made de-escalation in 
surgical treatment for breast cancer possible9. Systemic therapy also plays a key role 
in this setting. This treatment strategy is increasingly tumor biology-based, with the 
overarching goal to avoid the unwanted treatment associated toxicity and to decrease 
the risk of treatment resistance. De-escalation of surgical treatment and improvement 
of systemic therapy make it necessary to fine-tune decision making in early breast 
cancer treatment. This requires clinicians to be informed about the status of possible 
residual tumor in the breast or axilla, characteristics of the tumor and its associated 
microenvironment to enhance treatment efficacy.

The aim of this thesis is to explore new techniques in the treatment of breast cancer that 
may support the refinement of surgical treatment for breast cancer. Furthermore, we 
assess the characteristics of the tumor and the immune microenvironment of primary 
breast cancer that may support more personalized and optimized systemic therapy.

Outline of the thesis

Sentinel lymph node biopsy has replaced axillary lymph node dissection and become 
the standard of care for axillary staging in patients with clinically negative nodes since 
the early 2000s. Its application in pretreatment node-positive patients who receive 
neoadjuvant chemotherapy has also been explored. Sentinel lymph node biopsy largely 
reduces the side effects of axillary lymph node dissection. In Chapter 2, we review 
the evolution of sentinel lymph node biopsy in breast cancer. Literature and abstracts 
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on sentinel lymph node biopsy in breast cancer published until December 2016 was
searched in PubMed and the San Antonio Breast Cancer Symposium between 2014 and 
2016. Ongoing trials of this topic in the ClinicalTrials.gov database were also included. 
We also referred to guidelines for breast cancer from The American Society of Clinical 
Oncology, National Comprehensive Cancer Network and European Society of Medical 
Oncology. We summarized clinical trials comparing sentinel lymph node biopsy and 
axillary lymph node dissection in patients with clinically negative lymph nodes, including 
those trials evaluating the effects of axillary lymph node dissection on survival in patients 
with pathologically positive sentinel lymph nodes. Ongoing clinical trials about omission 
of axillary surgery in patients with a low risk of axillary lymph node metastasis were also 
reviewed. Additionally, we focused on the feasibility of sentinel lymph node biopsy in 
patients receiving neoadjuvant chemotherapy and novel techniques for sentinel lymph 
node biopsy.

Side effects from sentinel lymph node biopsy are not negligible, although their incidences 
are much lower compared to axillary lymph node dissection. Patients with low risk of 
axillary lymph node metastasis may benefit from axillary surgery omission to prevent the 
unwanted side effects, such as arm lymphedema and shoulder-arm function impairment. 
To optimize the surgical treatment for the axilla, it is important to be informed about the 
tumor load in the axilla. In Chapter 3, we developed a model as a preoperative tool to 
predict the probability of axillary lymph node metastasis and to identify a group of low-
risk patients who may be candidates for the omission of axillary surgery. We used data 
of 322 Chinese patients with operable breast cancer to develop the model and data of 
an additional set of 234 Chinese patients to validate the model. The clinicopathological 
data of these two series of patients was retrospectively collected from patients’ medical 
records and data on axillary lymph nodes was collected from axillary ultrasound reports 
and images obtained in the Cancer Hospital of Shantou University Medical College, 
China. Multivariate logistic regression analysis was performed to identify independent 
predictors of axillary lymph node metastasis. A model was created from the logistic 
regression analysis. The discriminative performance of the model was evaluated by 
the area under the receiver operating characteristic curve (AUC). A cut-off point for the 
predicted probability based on the model was identified to select patients who may be 
candidates for axillary surgery omission. To evaluate the generalizability of the original 
model in patients with different ethnic background, we validated and updated the above-
mentioned model based on Chinese patients using data of 1,416 Dutch patients with 
operable breast cancer from six hospitals (Chapter 4). These patients with early breast 
cancer and known pathological axillary lymph node status were identified from the 
database of the Netherlands Cancer Registry, which records data of all cancer patients in 
the Netherlands. The clinicopathological data of patients was retrospectively collected 
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from the database of the Netherlands Cancer Registry and ultrasound reports and images 
in each participating hospital. In addition, to improve its discriminative performance and 
predictive accuracy we updated the original model using the generalized linear model 
tree analysis. 

Although breast conserving surgery is a less invasive surgical approach, an important 
drawback to its use is the high rate of reoperations after the initial lumpectomy, ranging 
from 15% to 30% reported in literature10,11. Reoperation after lumpectomy causes higher 
surgical risk, poorer cosmetic result, and higher economic and psychological burden 
to patients12. To optimize de-escalation of surgical treatment in the primary tumor, it 
is crucial for the surgeon to get informed intraoperatively about the surgical margin 
status during and immediately after a lumpectomy. We describe two novel techniques 
for intraoperative surgical margin assessment, which are peroperative fluorescent 
optical molecular imaging and postoperative micro-computer tomography (micro-CT) 
scanning of the excised lump. In Chapter 5, we evaluated the feasibility and accuracy 
of micro-CT for intraoperative surgical margin assessment in breast conserving surgery. 
Micro-CT is a fully self-shielded desktop instrument that can be placed in the operating 
room or in the pathology department. Micro-CT can distinguish positive margins from 
negative margins in ex vivo lumpectomy shaved cavity margins based on the presence 
of grouped calcifications or spiculated masses13. In this study, we examined the accuracy 
of intraoperative margin status assessment by micro-CT in the whole lumpectomy 
specimens from breast conserving surgery. We included a consecutive series of 30 
patients with primary breast cancer receiving breast conserving surgery. After surgery, 
the excised lumps were scanned in the micro-CT device. Reconstructed images were 
analysed to assess the surgical margin status based on the morphology of tissue or 
the existence of grouped calcifications. The margin status assessed by micro-CT was 
compared with the pathological margin status. The sensitivity and specificity of micro-
CT in margin status prediction were calculated.

Ligand-targeted optical molecular imaging technique was introduced for use in 
patients to intraoperatively guide surgical excision of tumors in 201114. In contrast to 
conventional imaging modalities, which differentiate tumor from normal tissue based 
on morphological and/or architectural changes, molecular imaging enables in vivo 
real-time tumor detection based on molecular alterations in tumors15. This provides 
a potential opportunity for tumor-specific intraoperative surgical margin assessment 
in breast conserving surgery by application of tumor-targeted fluorescent tracers. 
Vascular endothelial growth factor A (VEGF-A), a soluble dimeric glycoprotein driving 
tumor angiogenesis16, is over-expressed in more than 70% of breast cancer as compared 
to normal breast tissue17. This makes it a potential target for molecular imaging in 
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breast cancer detection. We previously showed that the primary breast cancer can be 
visualized by a radioactive labeled VEGF-A-targeting tracer 89Zr-bevacizumab18, which 
provided the proof-of-concept of using therapeutic antibodies as an imaging agent in 
solid tumor detection. To avoid radiation exposure, we translated this to fluorescent 
optical imaging and developed an optical tracer in which a therapeutic antibody 
targeting VEGF-A, bevacizumab, was conjugated to a near-infrared fluorescent dye, 
IRDye800CW-NHS. In a completed phase I feasibility study, we demonstrated tumor-
specific uptake of bevacizumab-800CW in patients with primary breast cancer19. In 
Chapter 6, we describe a dose-escalation phase II trial investigating the optimal dose 
of the same tracer for intraoperative surgical margin assessment in breast conserving 
surgery and a standardized analytical platform for clinical translation purposes. This trial 
consisted of two parts. Part A was a dose-escalation phase, in which 12 patients were 
enrolled to receive 4.5 mg, 10 mg, 25 mg and 50 mg of bevacizumab-800CW with three 
patients for each group, respectively. The aim of part A was to identify two doses of the 
tracer that provided the most optimal tumor-to-background ratio of fluorescence signal 
in ex vivo samples. In Part B, seven more patients were included for each of the two 
selected dose groups from Part A in order to obtain a sufficient number of data points. 
The aim of part B was to identify an optimal dose of bevacizumab-800CW for further 
development in a future phase III trial. The tumor-to-background ratio per patient was 
defined as the mean fluorescence intensity of breast cancer tissue divided by the mean 
fluorescence intensity of surrounding healthy tissue measured in freshly sliced tissue. 
In addition, microdissection was performed to learn the bio-distribution of the tracer 
in different tissue components within breast tissue (e.g. invasive carcinoma, carcinoma 
in situ, benign proliferative lesions, reactive lesions and healthy parenchymal tissue 
including collagen and fat). The difference in fluorescence intensity between tissue 
components was analysed. The potential clinical impact of this technique on surgical 
margin assessment was also evaluated using intraoperative images. 

Systemic therapies are key treatment strategies for patients with early breast cancer to 
reduce disease recurrence and improve patients’ survival. Endocrine therapy is used for 
patients with hormone receptor positive tumors and human epidermal growth factor 
receptor 2 (HER2) targeted therapy is used for patients with HER2-positive tumors. 
Chemotherapy is also used for these tumors and especially it is the main treatment 
option for triple negative breast cancers. These different treatments have dramatically 
improved outcome of patients in the adjuvant setting. However, breast cancer mortality 
still accounts for 15% of cancer death in females especially due to metastatic disease 
and resistance to systemic therapy1. This calls for new treatment combinations. It is 
especially the case in triple negative breast cancer, for which no targeted therapy is 
currently available. To optimize the systemic therapy for breast cancer, it is crucial to 
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be informed about the characteristics of tumor and its associated microenvironment, 
as well as their interactions. In Chapter 7, we review the rationale for targeting tumor-
associated macrophages (TAMs) in breast cancer. We searched articles on TAMs in breast 
cancer published until June 2018 in PubMed, as well as abstracts on the same topic 
from annual meetings of San Antonio Breast Cancer Symposium, The American Society 
of Clinical Oncology, European Society of Medical Oncology, and American Association 
of Cancer Research in 2014-2018. ClinicalTrials.gov and EudraCT were searched for 
trials with macrophage-targeted drugs. We focused on the prognostic value of TAMs, 
possible mechanisms of TAMs on promoting breast cancer cell growth and metastasis, 
preclinical evidence for a role of TAMs in treatment resistance, and current evidence 
for therapeutic targeting of TAMs in patients with breast cancer. In Chapter 8, we 
describe the tumor immune microenvironment of primary HER2-positive breast cancer. 
Tissue microarrays containing primary tumor material from a retrospectively collected 
cohort of 221 patients with HER2-positive metastatic breast cancer were used. These 
patients treated with trastuzumab were identified from 19 hospital pharmacies in the 
Northern part of the Netherlands. A panel of immune markers such as CD3, CD8, TAMs, 
programmed death-ligand 1 (PD-L1), and programmed death-1 (PD-1) were evaluated by 
immunohistochemistry or immunofluorescence staining. Presence of tumor-infiltrating 
lymphocytes was determined in the whole tumor slides with hematoxylin and eosin 
staining. In an exploratory analysis, we also investigated the relationship between tumor 
androgen receptor expression and the studied immune markers.

In Chapter 9, the findings of this thesis are summarized, and in addition, future 
perspectives of research possibilities regarding de-escalation in the surgical treatment 
of breast cancer and dissection of tumor immune microenvironment in breast cancer 
are given.

In Chapter 10 and Chapter 11, a Chinese summary and a Dutch summary are provided, 
respectively.
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