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 Resumo  
 
O cancro da mama é a doença maligna mais frequentemente diagnosticada em mulheres 

em todo o mundo, com o número de casos a aumentar anualmente. Este aumento é atribuído 

tanto aos avanços na deteção precoce como à crescente prevalência de fatores de risco na 

população. Os diversos subtipos de cancro da mama – positivo para o Recetor 2 do Fator de 

Crescimento Epidérmico Humano (HER2+), positivo para o Recetor Hormonal (HR+) e cancro 

da mama triplo negativo - têm um impacto significativo no desfecho e prognóstico dos 

pacientes. Foram identificados biomarcadores prognósticos e preditivos para melhorar a 

compreensão dos resultados clínicos e fornecer informações acerca da resposta à terapêutica. 

O microambiente tumoral desempenha um papel crucial na progressão do cancro, com 

várias células imunológicas e mutações genéticas a contribuir para o desenvolvimento do 

cancro da mama. Dependendo do estadio e da classificação do tumor, as opções terapêuticas 

incluem cirurgia, quimioterapia, hormonoterapia e radioterapia. Os doentes com cancro da 

mama correm risco de metastização, sendo os locais mais comuns cérebro, gânglios linfáticos 

axilares, osso, pulmão e fígado. As metástases cerebrais ocorrem em 15-25% dos doentes, 

principalmente naqueles com os subtipos HER2+ e triplo negativo. Estas metástases estão 

associadas a um prognóstico desfavorável, sintomas neurológicos significativos e uma 

sobrevivência média de 2 a 25 meses. 

O desenvolvimento de metástases cerebrais é um processo complexo em que as células 

tumorais têm de romper a barreira hematoencefálica, formando a barreira hemato-tumoral, com 

apenas algumas células a conseguirem sobreviver no microambiente cerebral. As opções de 

tratamento para as metástases cerebrais dependem do número e localização das lesões, sendo 

estas limitadas devido à dificuldade de penetração de medicamentos através da barreira 

hematoencefálica. Os tratamentos disponíveis incluem cirurgia, radioterapia, quimioterapia, 

hormonoterapia e imunoterapia. 

A imunoterapia está a ganhar reconhecimento e tem sido intensamente investigada pelo 

seu potencial uso, com base no estadio da doença. A investigação atual foca-se nos inibidores 

do checkpoint, que têm como alvo proteínas-chave no ciclo celular, anticorpos monoclonais 

que visam o recetor HER2 e na Terapia de Células T com Recetor de Antigénio Quimérico 

(CAR-T), que reengenharia as células T do paciente para aumentar a sua capacidade de 

reconhecer e destruir células cancerígenas. 

Os doentes com metástases cerebrais de cancro da mama têm sido amplamente 

excluídos de ensaios clínicos, o que resulta em barreiras significativas nos critérios de 
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elegibilidade. Este trabalho tem como objetivo explorar as opções terapêuticas mais recentes e 

promissoras para estes doentes, na esperança de que esses tratamentos se tornem prática 

comum, melhorando, no mínimo, a qualidade de vida dos mesmos. 

 
Palavras-chave: Cancro da Mama; Metástases Cerebrais do Cancro da Mama; Imunoterapia  

  



 6 

Abstract  
 

Breast cancer is the most frequently diagnosed malignancy in women worldwide, with 

cases rising annually. This increase is attributed to both advancements in early screening and 

the growing prevalence of risk factors in the population. The various subtypes of breast 

cancer— Human Epidermal Growth Factor Receptor 2-positive (HER2+), Hormone Receptor-

positive (HR+), and triple negative breast cancer (TNBC)—significantly impact patient 

outcomes and prognosis. Prognostic and predictive biomarkers have been identified to improve 

understanding of clinical outcomes and provide insights into therapy responses, respectively. 

The tumor microenvironment (TME) plays a crucial role in cancer progression, with 

various immune cells and genetic mutations contributing to breast cancer development. 

Depending on the tumor’s stage and classification, treatment options include surgery, 

chemotherapy, hormone therapy, and radiotherapy. Breast cancer patients are at risk for 

metastasis, with common sites including the brain, axillary lymph nodes, bone, lung, and liver. 

Brain metastases occur in 15-25% of patients, primarily in those with HER2+ and TNBC 

subtypes. These metastases are associated with poor prognosis, significant neurological 

symptoms, and a median survival of 2 to 25 months.  

The development of brain metastases is a complex process in which tumor cells must 

disrupt the blood-brain barrier (BBB), forming the blood-tumor barrier, with only a few cells 

able to survive in the brain's microenvironment. Treatment options for brain metastases are 

limited due to difficulties in drug penetration across the BBB and depend on the number and 

location of lesions. Available treatments include surgery, radiotherapy, chemotherapy, 

hormone therapy, and immunotherapy.  

Immunotherapy is gaining recognition and has been investigated intensively for its 

potential use based on disease status. Current research focuses on immune checkpoint 

inhibitors, which target key checkpoint proteins in the cell cycle, monoclonal antibodies that 

target the HER2 receptor and Chimeric Antigen T-Cell Therapy, which re-engineers the 

patient’s T cells to enhance their ability to recognize and destroy cancer cells. 

Patients with breast cancer brain metastasis have largely been excluded from clinical 

trials, leading to significant barriers in trial eligibility criteria. This study aims to explore the 

latest and most promising therapeutic options for these patients, with the hope that these 

treatments will become standard practice to improve, at the very least, their quality of life. 

 

Keywords: Breast Cancer; Breast Cancer Brain Metastasis; Immunotherapy  
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Abbreviatures 

• AI – Aromatase Inhibitors 
• APC – Antigen-presenting Cell 
• ASC – Adipose-derived stem cells 
• BBB – Brain Blood Barrier 
• BC – Breast Cancer 
• BBM – Breast cancer Brain metastases 
• BCS – Breast-Conserving Surgery 
• BTB – Brain Tumor Barrier 
• CAR-T cell – Chimeric Antigen Receptor T cell 
• CARs – Chimeric Antigen Receptors 
• CDK – Cyclin-Dependent Kinase 
• CNS – Central Nervous System 
• CSF – Cerebrospinal Fluid 
• CTLA-4 – Cytotoxic T-lymphocyte-Associated Antigen 4 
• ER – Estrogen Receptor 
• ESR1 – Estrogen Receptor 1 
• FDA – Food and Drug Administration 
• HDI – Human Development Index 
• HER2 – Human Epidermal Growth Factor Receptor 2 
• HRT – Hormone-Replacement Therapy 
• IARC – International Agency for Research on Cancer 
• IBC – Inflammatory Breast Cancer 
• ICD – Immune Cell Death 
• mAbs – Monoclonal Antibodies 
• MBC – Metastatic Breast Cancer 
• MHC – Major Histocompatibility Complex 
• MRI – Magnetic Resonance Imaging 
• MSC – Mesenchymal Stem Cell 
• OS – Overall Survival 
• PD-1 – Programmed cell-death protein 1 
• PD-L1 – programmed death-ligand 1 
• PR – Progesterone Receptor 
• QoL – Quality of Life 
• SLNB – Sentinel Lymph Node Biopsy 
• SRS – Stereotactic Radiosurgery 
• TIL – Tumor-Infiltrating Lymphocyte 
• TME – Tumor Microenvironment 
• TNBC – Triple Negative Breast Cancer 
• WBRT – Whole-Brain Radiation Therapy 
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Introduction 
 

Breast cancer is the most commonly diagnosed cancer among women worldwide. It is 

estimated to be the fourth cause of cancer deaths in the world, with approximately 2.3 million 

new cases and 666.000 deaths in 2022. According to the International Agency for Research on 

Cancer (IARC), breast cancer is the most common type of cancer in 158 countries and the 

leading cause of death in 111 countries. (1) It is expected to rise from 2.1 million new cases 

registered annually in 2018 to 4.4 million new cases diagnosed by 2070. (2) Although it is a 

public health challenge worldwide, its incidence, mortality, and survival rates vary 

considerably among different parts of the globe. (3) It is known that women living in 

transitioned countries have significantly higher incidence rates when compared with those in 

transitioning countries but in contrast, lower mortality rates are registered. (1) Despite all the 

intrinsic population factors, such as its structure, environment, and genetic factors, there are 

several risk factors associated with lifestyle including physical inactivity, obesity, and alcohol 

consumption (4), which are increasing and therefore leading to a higher prevalence of breast 

cancer. In addition, hereditary factors such as mutations in autosomal dominant genes represent 

between 5–10% of all breast cancer cases in women.  

Breast cancer has a significantly high survival rate when compared to other types of cancer 

and is often treatable when diagnosed at an early stage. Following the latest developments in 

multimodal therapy, the chances of a patient surviving after treatment is between 70 to 80%. 

In addition, if detected early, the survival rate increases to >90%. The disease has several sub-

types and stages (Figure 1, 2), influencing the treatment and the outcome.  

According to breast cancer subtypes, breast cancer is managed with preoperative and 

postoperative systemic therapies, which include chemotherapy, hormone therapy, 

immunotherapy with monoclonal antibodies (mAbs) targeting tumor receptors, as well as 

surgery and radiation. (5) At later stages, the treatments aim to minimize symptoms, extend 

life, and maintain quality of life (QoL). Metastatic breast cancer (MBC) represents the major 

cause of death in breast cancer. The most common metastatic sites include the brain, bone, 

lung, liver, and axillary lymph nodes. (6) Data shows that 15-25% of breast cancer patients can 

develop brain metastases. (7) Brain metastases treatment constitutes a major therapeutic 

challenge since many drugs cannot cross the blood-brain barrier. A limited number of therapies 

are available with poor clinical outcomes. Nevertheless, several research efforts have been 

made to develop new targeted and effective therapeutics which will be discussed in this report. 

(8)  
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Breast Cancer 
 
Staging and Classification 
 

Breast cancer staging is assessed based on tumor size, lymph node involvement, the 

presence of metastases, and specific biomarkers. To determine the tumor stage, it is used the 

TNM classification by the American Joint Committee on Cancer (AJCC), with T, standing for 

the extent of the tumor, N for the extent of spread to lymph nodes and M for the presence of 

metastasis. It helps determine how aggressive the cancer is. There are 4 stages of the disease 

(Figure 1), with stage 0 corresponding to ductal carcinoma in situ (DCIS), noninvasive breast 

cancer, and stage IV to MBC. On a histological level, breast cancer can be categorized into two 

main subtypes: in-situ carcinoma and invasive carcinoma. The in-situ subtype is less common 

than the invasive subtype. Over 80% of invasive breast cancers are invasive ductal carcinomas 

(IDCs), while the remaining cases are invasive lobular carcinomas (ILCs). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 1 – Staging of breast cancer according to the TNM classification (9) 
 

Based on specific breast cancer biomarkers (estrogen receptors (ER), progesterone 

receptors (PR), and the HER2 receptors, breast cancer can be divided into 3 groups: breast 

cancer-expressing hormone receptor (HR), breast cancer-expressing HER2 and triple-negative 

breast cancer (TNBC), when none of the previous receptors are expressed (ER−, PR−, HER2−). 
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Stage II tumors are more likely to be of the ER+/PR+/HER2- and ER+/PR+/HER2+ subtypes and 

stage IV tumors are 47% more likely to be ER+ ⁄ PR+ ⁄ HER2+ than stage I tumors. Higher-stage 

tumors significantly decreased the odds of being of the TN subtype(10) 

A study evaluated the 5-year relative survival in patients with breast cancer. The study 

included 8 combinations of ER⁄PR⁄HER2 tumors (11) Whilst it is known that women with 

breast cancer positive for both hormone receptors (PR+/ER+) have the best survival rate(12) 

and HER2+ tumors are associated with higher risk of cancer recurrence and cancer-related 

death (13), in this study it was shown that women with ER+ ⁄ PR+ ⁄ HER2+ tumors have the best 

5-year survival (Table 1) when compared to the other subtypes. The worst survival rates were 

encountered in all ER- tumors. 
Table 1 - Frequency Distribution and 5-Year Relative Survival of the ER/PR/HER2 Subtypes. Source: Breast 
Cancer Subtypes as Defined by the Estrogen Receptor (ER), Progesterone Receptor (PR), and the Human 
Epidermal Growth Factor Receptor 2 (HER2) among Women with Invasive Breast Cancer in California, 1999–
2004 (10) 

 
 
  

HR+ 
 

Breast cancer-expressing hormone receptors, PR+ or ER+ are the most common breast 

cancer type. (14) The ER is a crucial diagnostic marker, with approximately 70–75% of 

invasive breast carcinomas exhibiting high ER expression. (15) This type of tumor is well-

differentiated and is related to a better outcome after surgery as it is less aggressive. (16) 

PR+ tumors comprise 65-75% of all breast cancers. (17) The PR is expressed in over 80% 

of ER+ breast cancer patients (18), and is rarely found in ER– cases, since PR expression is 

regulated by the ER. (19) PR+ tumors also show high response rates to hormone therapy, and 
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patients usually have better clinical outcomes. Therefore, the measurement of ER and PR is 

fundamental in both newly diagnosed breast cancer cases and metastatic lesions. (20) 

HR+ tumors can be further divided into two subcategories – luminal A (ER+ and/or PR+, 

HER2−, and Ki67 low) and luminal B (ER+ and/or PR+, HER2−, and Ki67 high). (6) Luminal 

A tumors correspond to 40% of all cancers. It tends to be grade I or II and typically has the 

best prognosis with relatively high survival rates and low recurrence rates of breast cancer. (21) 

Luminal B tumors are often diagnosed in younger women(22) and comprise between 15-20% 

of all breast cancer cases. This type of tumor tends to have a worse prognosis as it is more 

likely to have larger size, lymph nodes involved, and poorer tumor grade. Luminal A tumors 

present higher survival rates than luminal B. (23) However, luminal B shows a better response 

to neoadjuvant chemotherapy. (24) 

Double-positive tumors (ER+PR+) represent 55-65% of all breast cancers. (25) When 

compared with other subtypes, this type of tumor tends to be diagnosed in older women and 

usually are smaller in size and lower in grade. Consequently, they show lower mortality rates. 

In contrast, double negative tumors (ER-PR-), which comprehend 18-25% of the tumors(26) 

are associated with a worse prognosis and do not fully respond to hormone therapy. (27) 

 

HER2-Enriched 
 

On average, 13-20% of all breast cancers overexpress HER2, encoded by the ERBB2 

gene. (28) ERBB2 amplification is associated with a poor prognosis outcome due to the high 

metastatic potential of HER2+ tumors (Biomarkers in Breast Cancer). The majority of this 

tumor subtype are ER-PR- and are poorly differentiated and associated with a more aggressive 

behavior and a worse outcome. (16,29) Those who are ER+PR+HER2+ (triple positive) may 

benefit from hormonal therapy as they are positive for both progesterone and estrogen 

receptors. (30) A combination of anti-HER2 therapy and chemotherapy could also be an option. 

(31) 

 

Triple Negative Breast Cancer (TNBC) 
 

TNBC is characterized by the absence of ER, PR, and HER2 gene (32) comprising nearly 

20% of all breast cancers (33) Additionally, TNBC can be further classified into 6 

subcategories - basal-like (BL1 and BL2), claudin-low, mesenchymal (MES), luminal 
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androgen receptor (LAR), and immunomodulatory (IM). Among these, the basal-like are the 

most common type of tumors. (32)  

TNBC is known for its aggressiveness, early relapse, and likely greater likelihood of 

being diagnosed at advanced stages. It is, histologically, poorly differentiated and has a high 

proliferative rate. These tumors are more prone to be diagnosed in younger age women, tend 

to be bigger, have higher grades, and higher probability of lymph node involvement.  (34) In 

addition, they present a higher probability of recurrence within the first three years after 

diagnosis, as well as of develop brain metastases. (32) Therefore, compared to the ER+ 

subtypes, the TNBC presents a lower survival rate.  

 

Epidemiology 
 
Incidence 
 

Breast cancer is the most prevalent cancer in women worldwide. In 2022, it was 

estimated 2.3 million new cases all over the globe, comprising 11,6% of all cancer cases. Breast 

cancer was the most diagnosed cancer in 158 countries (Figure 2), according to IARC’s Global 

Cancer Observatory. (1)  It is estimated that in 4 cases of cancer, 1 is breast cancer.  

The highest incidence rates were seen in France, Australia, New Zealand, Northern 

America, and Northern Europe. (1) Compared with South-Central Asia and Middle Africa, the 

rates in the regions previously mentioned, were 4 times higher. These data demonstrate that 

developed countries have a higher cancer incidence rate when compared to less developed 

countries (Figure 3). This may be related to a higher prevalence of reproductive risk factors, 

such as early age at menarche, later age at menopause, fewer children, less breastfeeding, 

hormone-replacement therapy, and oral contraceptives. (35)  

In the past few years, developed countries have been increasing levels of sedentary 

lifestyle, obesity and alcohol consumption, which can also be related to higher cancer incidence 

rates. Despite having high incidence rates, developed countries show a better survival rate 

when compared to those less developed (36), due to great improvement in early detection by 

screening and increased breast cancer awareness in the past few decades. 

In terms of prevention, incidence rates would tend to decrease if risk factors were 

modified. However, as there are few established modifiable risk factors, the World Health 

Organization is focusing on early diagnosis by recommending organized, population-based 

mammography screening every 2 years for women between 40 and 54 years at average risk for 

breast cancer. (37) In countries with fewer opportunities and where breast cancer is diagnosed 
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at a late stage and mammography screening is not cost-effective, the focus is on treating women 

with symptomatic lesions. (1) 

 
Figure 2 - Global maps present the most common type of cancer incidence by country in 2022 among women. 
The numbers of countries represented in each ranking group are included in the legend. (1) 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Incidence of breast cancer in both sexes in 2022 associated with HDI levels all over the globe. HDI – 

human development index. (1)  
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Mortality 
 
Breast cancer is yet the fourth cause of cancer deaths. In 2022, it was estimated that 666.000 

women died from breast cancer, corresponding to 6.9% of all cancer deaths. It was the leading 

cause of cancer deaths in 111 countries (Figure 4). (1) Mortality rates are not uniform 

worldwide and are influenced by socioeconomic factors (Figure 5). The IARC GLOBOCAN 

database within the Global Cancer Observatory estimates that in countries with a high human 

development index (HDI), 1 in 71 women will die from breast. While in low HDI countries, 

the mortality rate is around 1 in 48 women. 

 

 

Figure 4 - Global maps present the most common type of cancer mortality by country in 2022 among women. 
The numbers of countries represented in each ranking group are included in the legend. (1) 
 

In high-income countries, where breast cancer incidence rates are higher, mortality 

rates decreased in the early 1990s. This was due to huge efforts in early detection by screening 

and several treatment breakthroughs. European countries considerably reduced the mortality 

rates over the last three decades, and a greater reduction was observed in Northern Europe. 

Poland and Romania are examples of countries that do not follow the trend. In fact, Central 

and Eastern countries tend to have higher mortality rates since many political, economic, and 

social changes have influenced their perception of public health. In addition, these countries 

have limited access to the latest pharmacological treatments. In these countries, the average 
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time from breast cancer diagnosis to the start of treatment goes from 10 to 38 weeks in extreme 

cases. The average European time is 8 weeks.  

Apart from Europe, mortality rates show great variation in different regions which 

appear to be linked to the economic level of the country. Sub-Saharan African countries are 

among the ones with the most noteworthy breast cancer mortality around the world.  

 

Figure 5 – Mortality rates of breast cancer in both sexes in 2022 associated with human development index (HDI) 
levels all over the globe. (1) 
 

Risk Factors 
 

Breast cancer is a multifactorial disease with many contributing factors. Its prevalence is 

increasing every day worldwide. Among factors, the population’s lifestyle, including alcohol 

consumption, exposure to tobacco, physical inactivity, and high-fat diet contributes to breast 

cancer development. In 2022, the World Health Organization estimated that 46% of adults were 

overweight and 16% were obese. (38) According to many studies, it is established that the high 

levels of insulin and insulin-like growth factors in response to obesity, along with increased 

estrogen levels, have been found to stimulate the development and growth of cancer cells in 

both premenopausal and postmenopausal women. (39) 

Gender is another risk factor, as females present an increased chance of developing breast 

cancer. Breast cells are particularly susceptible to hormones, such as estrogen and 

progesterone. High levels of circulating estrogen and androgen have also been associated with 

a higher risk of breast cancer in older age. Since premenopausal and postmenopausal women 
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face significant alterations in sex hormone levels, this stage of their lives represents a higher 

probability of developing breast cancer. (19) 

Breast cancer in men only represents 1% of all cases. (40) When this occurs, it is usually 

in older or in those who face a hormonal imbalance or are exposed to radiation.  

Additional hormonal factors, such as the excessive use of hormone	replacement therapy 

(HRT) and oral contraceptives have also been considered risk factors. A heightened or 

prolonged exposure to estrogen by HRT or oral contraceptives is one of the causes of 

susceptibility to breast cancer. (40) Studies showed that breast cancer risk decreases in women 

who stop using oral contraceptives for 5-10 years. (41) For women who stop HRT for more 

than 2 years, the risk diminishes significantly. (42) In addition, breast density is also considered 

an independent risk factor for breast cancer. (43) 

Women with a family history of breast cancer are more prone to develop it. There are gene 

mutations that contribute even more to the development of the disease, including the BRCA 

gene mutation. Mutations in the BRCA1 and BRCA2 genes are inherited through the dominant 

autosomal method and approximately 40% of hereditary breast cancer are due to this. For 

women with a family history of two or more cases of breast cancer and without BRCA 

mutations, they are 11 times more likely to develop it. Those who have cases of ovarian cancer 

with BRCA gene mutation in the family may also have a higher risk of breast carcinogenesis. 

(44) Nevertheless, hereditary breast cancer represents 5 to 10% of all cases. (45) 

 

Biomarkers in Breast Cancer 
 

Biomarkers can be categorized into two groups: prognostic and predictive. Prognostic 

biomarkers provide information regarding the overall cancer outcome for a patient, whereas 

predictive biomarkers offer insights into the likely effects of a therapeutic intervention and can 

be used as a target for therapy. (46)  

 

Predictive Breast Cancer Biomarkers 
Molecular  

Regarding the predictive biomarkers, 4 main ones should always be considered which 

are: ER, PR, HER2, and Ki67. These biomarkers are used to predict a patient outcome and to 

select the best therapeutic strategy as well as to predict the tumor’s possible resistance to 

treatments. (14,47)  

For every breast cancer diagnosis, it is mandatory to evaluate the expression of ER, PR, 

and HER2. ER and PR expression will determine which patients can undergo hormone therapy, 
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while HER2 expression indicates those who are more likely to benefit from anti-HER2 therapy. 

(48) ER expression is a favorable prognosis when compared to ER-negative cancers. Generally, 

ER- tumors have high resistance to hormone therapy. (49) When assessing both hormone 

therapy and HER2, tumors that are ER+PR+HER2- have the best patient outcome and the best 

response to hormone therapy. ER-PR-HER2+ and TNBC tumors are the ones that show the 

worst prognosis, with aggressive behavior and a bad response to hormone therapy. (16) 

Ki67 is another biomarker used in breast cancer. (50) It is used as a proliferation marker 

and predicts neoadjuvant therapy response or the outcome of adjuvant chemotherapy and 

hormone therapy for ER+ tumors. (51,52) The luminal A and luminal B breast cancers are 

characterized by the absence or presence of Ki67, respectively. The luminal B has a poorer 

outcome in terms of response to systemic therapy (52) as it is more proliferative. (53) 

 

Gene-related 
BRCA 1/2 

BRCA1 (located on the 17th number chromosome) and BRCA2 (located on the 13th 

number chromosome) are the most mutated genes in breast cancer. Women who have this 

mutation are 70% more prone to develop this disease in their lifetime when compared to those 

who do not have it. (54) These genes are involved in DNA repairing and transcriptional 

regulation in response to DNA damage (24), which is why they are considered tumor 

suppressor genes. (55) The protein encoded by the BRCA gene is involved in repairing double-

strand DNA breaks through homologous recombination and so, mutations in these genes lead 

to high sensitivity to DNA-damaging drugs. (56) 

Mutations in these genes are inherited in an autosomal dominant manner and sporadic 

mutations have already been reported. (57) BRCA genes are not only related to breast cancer 

but also to ovarian cancer. (58) Patients with these mutations undergo annual screening with 

magnetic resonance imaging (MRI) and mammography (59) as a prevention measure against 

breast cancer. Despite all these possible ways of detecting breast cancer at an early stage, 

bilateral prophylactic mastectomy remains the gold standard of prevention as BRCA carriers 

have a high risk of developing contralateral breast cancer. (60) 

BRCA1-associated breast cancer tends to have a more aggressive behavior, and it is 

usually HR-. (61) On the other hand, BRCA2-associated breast cancer is predominantly HR+.  

(62)A study comparing the survival rates between BRCA2 carriers and non-carriers, concluded 

that BRCA2 carriers who were ER+ had poorer survival rates than those with ER- tumors. 

(63,64) 
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HER2 
ERBB2 encodes the human epidermal growth factor receptor 2 (HER2). This is a 

protooncogene located in chromosome 17, encoding the human epidermal growth factor 

receptor family (HER1/2/3/4) with tyrosine kinase activity. (65) HER2 signaling promotes 

proliferation, cell survival, metastasis, and adhesion through multiple pathways, such as the 

Ras pathway which is involved in cell proliferation and survival. (33) 

HER2 overexpression is present in 15-20% of all breast cancers and is associated with 

a poor outcome. HER2+ tumors are linked to a worse prognosis since they have a high chance 

of recurrence and mortality. (66) The assessment of HER2 status by immunohistochemistry 

(IHC) is also a predictive biomarker for the selection of a precise treatment for breast cancer, 

as HER2-targeting agents are only effective in HER2-overexpressed tumors. (65) This status 

measurement is required for cases of invasive breast cancer and is recommended for cases of 

metastasis and recurrence. (20) 

 

EGFR 
For the last decades, research in molecular oncology focused on discovering of new 

targeted therapies. Epidermal growth factor receptor (EGFR) was one of the first identified 

targets promoting tumor survival. (67) The EGFR is encoded by the ERBB1 gene, also known 

as HER1. When activated, the ligands promote cell proliferation and protect them against 

apoptosis. Additionally, it promotes invasion and angiogenesis, resulting in the overexpression 

of EGFR, which promotes tumor growth. (68) Breast cancer overexpressing EGFR is detected 

in all breast cancer subtypes but is more frequently seen in TNBC and inflammatory breast 

cancer (IBC). Over 50% of TNBC overexpresses EGFR and, therefore, this type of tumor 

benefits from anti-EGFR therapy with EGFR inhibitors. (34) Approximately 30% of IBCs are 

associated with EGFR overexpression. IBC, in which cancer cells obstruct lymph capillaries 

in the skin, is the most aggressive type of breast cancer, and this overexpression is correlated 

to a worse prognosis, worse survival rate, and an increased risk of recurrence when compared 

to EGFR-negative tumors. (69) As chemotherapeutic agents are not sufficient for the treatment 

of IBC, targeted therapies, namely, agents targeting EGFR pathways have been fundamental 

to patients. (70)  
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c-Myc 
c-Myc is a transcription factor encoded by the MYC gene, located in chromosome 8, 

which is amplified in several types of cancer. (71) It plays a role in cell growth, proliferation, 

metabolism, differentiation, and apoptosis. c-Myc regulates up to 15% of cancers and it is a 

potent activator of tumorigenesis. (71,72) MYC is involved in cell cycle progression and cell 

immortalization as telomerase, the one responsible for maintaining telomere length, is its direct 

target. A study demonstrated that MYC is essential for angiogenesis, and it has an important 

role when it comes to angiogenic switch in tumors. (73) The MYC gene overexpression has 

been reported in breast cancer and it has been associated with the most aggressive subtypes. 

(74)MYC and BRCA1 are both contributing to tumorigenesis, and it has been shown that 

BRCA1 is one of the genes activated by MYC. (75) 

 

RAS 
RAS genes were the first identified mutated genes in human cancer. (76) RAS 

oncogenes are a family of genes that code for proteins located on the inner surface of the cell 

membrane, known as RAS G-proteins, which mediate signal transduction through 

transmembrane receptors. (77) RAS mutations are present in only 5% of breast cancer patients. 

They are 4 RRAS isoforms: HRAS, NRAS, and KRAS. Among these, KRAS is the most 

frequently mutated in breast cancer, and it is associated with a poor prognosis. (78) 

The KRAS gene encodes GTPases that, when activated by upstream signals (e.g., HR 

and cytokines), play a crucial role in controlling several pathways and cellular processes, 

including cell proliferation and growth, apoptosis, differentiation, cytoskeletal rearrangements, 

motility, and adhesion. (79) Mutations in this gene will originate dysfunctional GTPases that 

will lead to the activation of pathways that are related to tumorigenesis, including MAPK, 

PI3K, and RAF signaling pathways. Despite the lack of knowledge on the role of KRAS 

mutations in breast cancer progression, it is well known that the PIK3/AKT/PTEN pathway 

controlled by KRAS activity increases breast tumor growth. 

NRAS and HRAS were found to be overexpressed in basal-like and HER2-positive 

breast cancer subtypes (80), while KRAS is more commonly associated with TNBC. (81)  

HER2, as well as EGFR, are connected to RAS signaling by interacting with a RAS GDP-GTP 

exchange factor. Consequently, the overexpression of these receptors activates RAS signaling 

pathways, leading to tumorigenesis. (82) 
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Additionally, RAS is also associated with therapy resistance. Several efforts have been 

made to develop therapeutic approaches targeting RAS itself or its downstream signaling 

pathways to block these pathways and overcome resistance. (83) 

 

TP53 
p53 is a tumor suppressor protein that is encoded by the TP53 gene, which is a major 

transcription factor involved in multiple cellular processes. (84) When under genotoxic stress, 

p53 is activated and promotes DNA repair, cell cycle arrest, and apoptosis. (85) p53 is tightly 

regulated by MDM2, an E3 ligase that promotes its degradation via the ubiquitin-proteasome-

dependent pathway (Figure 6). When mutated or inactivated by the overexpression of MDM2, 

by negative feedback, p53 is directly linked to tumorigenesis. 

Mutations in this gene are found in 30-35% of primary invasive cases of breast cancer, 

but their occurrence is subtype-dependent. These mutations are most prevalent in HR- tumors, 

while HR+ and luminal subtypes typically retain the wild-type (wt) p53. Mutations in p53 are 

most common in TNBC (80%) and HER2+ (70%) subtypes. (86) 

Due to its high incidence in breast cancer, p53 is an important biomarker in clinical 

practice and a therapeutic target. Recent studies have identified compounds that can restore wt 

p53 properties, offering new anticancer treatment options. 

The majority of TP53 mutations are missense, involving a single amino acid 

substitution in the p53 protein, which results in the loss of its DNA binding ability. Several 

compounds, including quinuclidines, pyrazoles, 2-sulfonylpyrimidines, and 

thiosemicarbazones, have been developed to restore mutant p53 to functions similar to the 

wild-type p53. Quinuclidine-based prodrugs are metabolized in vivo into the active compound 

2-methylene-3-quinuclidinone (MQ), a nucleophile acceptor that modifies thiol groups via 

Michael addition. MQ targets exposed cysteine residues in the core domain of mutant p53, 

correcting its folding and restoring DNA binding. Similarly, the 2-sulfonylpyrimidine 

compound PK11007 selectively alkylates cysteine residues, enhancing the thermal stability of 

mutant p53's DNA binding domain, particularly in Y220C and V143A mutations. 

Thiosemicarbazones, another class of compounds, act as zinc chelators, promoting zinc binding 

to mutant p53, which is crucial for restoring its DNA binding function in cases where zinc-

coordinating residues are mutated. (85) 
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Figure 6 – p53 regulation. MDM2 regulates the p53 protein under normal conditions. Genotoxic stress such as 
hypoxia, activation of oncogenes, DNA damage, and nutrient deprivation, p53 is activated to regulate cell cycle, 
apoptosis, DNA repair, and senescence. (85) 
 
Prognostic Breast Cancer Biomarkers 
 

The most used prognostic biomarkers in breast cancer are tumor grade, tumor size, and 

presence of lymph node metastasis. (87) The presence and quantity of lymph node metastases 

(LNM) have been, and continue to be, the most significant prognostic factor in breast cancer 

(88). Breast cancer LNM can be categorized as follows: N0 (no cancer cells are present in 

nearby lymph nodes); N1 (cancer has spread to 1–3 axillary lymph nodes, or a small number 

of cancer cells have been detected in lymph nodes near the breastbone during a sentinel lymph 

node biopsy (SLNB); N2 (cancer has spread to 4–9 axillary lymph nodes, or the internal 

mammary lymph nodes are enlarged); and N3 (cancer has spread to 10 or more axillary lymph 

nodes, with at least one node larger than 2 mm, or cancer is found in lymph nodes under the 

clavicle, with at least one node larger than 2 mm). (18) Patients with four or more involved 

lymph nodes will have a worse prognosis than those with fewer affected. Despite not being 

fully correlated, it is possible to predict lymph node involvement by the tumor size. (89) 

Accurate tumor sizing is crucial for guiding treatment options. Imaging exams such as MRI 

and mammography are used to determine tumor size. (18) Tumor size is also critical in 

evaluating the prognosis of breast cancer, as the likelihood of metastasis increases with larger 
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tumor size, and there is a positive correlation between tumor size and the number of involved 

lymph nodes. (89,90) 

The histological tumor grade provides important information related to the clinical 

behavior of breast cancer. (91) According to the Nottingham Grading System, there are three 

histological grades in BC: well-differentiated (grade I); moderately differentiated (grade II); 

and poorly differentiated/most aggressive (grade III). (18) Higher-grade tumors are linked to 

reduced survival rates. (92) Usually, half of breast cancers are grade I or III. Grade II is 

associated with an intermediate risk and is usually divided into 2 groups – one more likely to 

grade I and another more similar to grade III. (93) 

 

Available treatments 
 

Nowadays, there are several therapeutic options to treat breast cancer selected according to 

its subtype and stage. Among therapies, the classical approaches include surgery, 

chemotherapy, hormone therapy, and radiotherapy. (94)  

For surgery, there are two possible approaches, mastectomy and breast-conserving surgery 

(BCS). Mastectomy has been the most used treatment, where the whole breast is removed, 

including the nipple, areola, fascia of the pectoralis major muscle, and skin. Typically, this 

procedure is accompanied by a SLNB, where selected lymph nodes are excised. These are the 

nodes where the cancer is more likely to spread. In cases where the tumor has metastasized to 

the lymph nodes, an axillary lymph node dissection (ALND) is warranted to remove additional 

lymph nodes. To prevent high-risk women, such as those with a BRCA gene mutation, a double 

mastectomy can also be performed.  

Another approach is the BCS. This procedure excises the tumor while preserving as much 

of the breast tissue as possible. Women undergoing BCS typically require adjuvant 

radiotherapy and, in some cases, hormone therapy and chemotherapy. BCS is suitable for 

women with early-stage cancers, particularly when the tumor is smaller than 5 cm and 

relatively small in proportion to the overall breast size. Women who are unable to go through 

radiation treatment cannot be treated with BCS and must go through mastectomy.  

It is important to understand that choosing BCS and adjuvant radiation over mastectomy, 

or vice versa, does not affect overall survival (OS) outcomes. Mastectomy may reduce the risk 

of a second breast cancer in the same breast but does not decrease the likelihood of cancer 

recurrence in other parts of the body or the contralateral breast. 
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Chemotherapy has been used for decades and continues to have good outcomes. (94) 

Chemotherapeutic agents interfere with DNA replication and, therefore, help suppress tumor 

growth and, at the same time, promote an immune response against the tumor. One of the main 

mechanisms of chemotherapeutic agents is immune cell death (ICD), a form of cell death that 

activates immune responses. (14) However, the non-specific targeting of chemotherapeutic 

agents results in many adverse effects, such as hair loss and diarrhea. (94) 

Radiotherapy is usually used in combination with surgery or chemotherapy and has a 

particular target, the tumor, leaving the adjacent tissue intact (5) There are two types of 

treatment - external beam radiation therapy (EBRT) and brachytherapy, an internal radiation. 

For women who had breast-conserving surgery, usually, EBRT is necessary for the entire 

breast, called whole breast radiation. Brachytherapy can also be used as a form of accelerated 

partial breast irradiation. (95) When used as an adjuvant therapy, it is used after surgery to 

eradicate the eventual remaining disease in the surroundings of the excision. Postmastectomy 

radiotherapy significantly reduces mortality rates in women with positive lymph nodes but not 

in those with negative nodes.  

Hormone therapy is used for tumors that are HR-positive. Certain types of breast cancer 

are influenced by hormones such as estrogen and progesterone. The cancer cells possess 

receptors that bind to these hormones, promoting tumor growth.  

There are several types of hormone therapy, and they can be either used as adjuvant or 

neoadjuvant therapy. Most types of hormone therapy either reduce estrogen levels in the body 

or inhibit estrogen from promoting the growth of breast cancer cells. It is recommended to use 

hormone therapy for 5 years. 

In addition, modern approaches, including, targeted- and immuno-therapies (e.g., 

immune checkpoint inhibitors) have also been demonstrated to be effective. (96) 

Immunotherapy is a treatment modality that enhances the body's immune response against 

cancer. Immunotherapy modalities include mAbs, cytokines, or cancer vaccines. This 

therapeutic strategy has undergone significant advancements over the past decade and will be 

further discussed in subsequent sections.  

Despite the progress in breast cancer treatments, it is often necessary to use a combination 

of multiple therapies to maximize the remission chance. In addition, late-stage tumors have 

been demonstrated to be refractory to most of the therapeutic strategies herein highlighted. 
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Breast Cancer Microenvironment-related Mechanisms 
 

While breast cancer initiation is primarily driven by genetic alterations, the tumor 

microenvironment (TME) plays a crucial role in tumor evasion and progression. Breast tissue 

is predominantly composed of mammary adipose tissue, making it the primary 

microenvironment for breast cancer. (97) 

Cancer cells can alter the surrounding adipose tissue by activating genes related to tumor 

growth, stemness, and progression. This change leads to the release of bioactive factors such 

as growth factors (HGF and IGF1), cytokines (ITNF-α and IL-12), chemokines (CCL5), and 

components of the extracellular matrix (ECM) (collagen I and IV) by both adipocytes and 

stromal cells, which further drives cancer progression. As a result, the TME is shaped by 

cancer-affected adipocytes and stromal cells, along with soluble factors and ECM proteins 

they secrete. (97) The TME is dynamic and recruits several stromal cell types, including 

endothelial progenitors, immune cells, fibroblasts, adipose-derived stem cells (ASCs), and 

mesenchymal stem cells (MSCs). This environment is crucial enabling cancer adaptability 

and immune evasion.  

ASCs and MSCs are key players in remodeling the TME and promoting breast cancer 

progression. ASCs and MSCs fuse with tumor cells in a process that promotes malignancy 

(Figure 7). This communication can occur by different mechanisms such as cell-cell fusion, 

formation of tunneling nanotubes by the MSCs under stress conditions, binding of membrane-

bound ligands to receptors, or via the release of the bioactive factors mentioned above, and 

extracellular vesicles (EVs) such as exosomes and microvesicles. 
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Figure 7 – Crosstalk between ASCs, MSCs, and breast tumor cells. ASCs/MSCs and breast cancer cells can 
communicate via direct or indirect methods. This communication can occur directly via cell-cell contact, through 
TNTs, cell-cell fusion or by the binding of membrane-bound ligands to their receptors, or indirectly by the release 
of bioactive factors such as cytokines, chemokines and growth factors and EVs. Abbreviations: EV, extracellular 
vesicles; ASCs, adipose tissue-derived mesenchymal stromal/stem cells; MSCs, mesenchymal stromal/stem cells; 
mRNA, messenger RNA; miRNA, microRNA; lncRNA, long non-coding RNA; TNTs, tunneling nanotubes. (97) 
 
 

Tumor cell mutations and signaling pathways 
 

Tumor cells exhibit rapid proliferation, genomic instability, and apoptosis evasion. This 

is promoted by several modifications in different cell signaling pathways, mutations in 

oncogenes, and inactivation of tumor suppressor genes. (98) 
The most studied and direct signal pathways involved in breast cancer progression are 

those mediated by the ER and HER2. The activity of HER2 receptors triggers the signaling of 

other pathways, including MAPKs, key cellular components like glycogen synthase kinase-3 

(GSK-3), and the PI3K/Akt/mTOR pathways. These interactions highlight the crucial role of 

signal integration and transduction in the progression and development of breast cancer. (99) 

The PI3K/Akt/mTOR signaling pathway is involved in growth, proliferation, survival, 

metabolism, and the regulation of immune responses. This pathway is altered in several human 

tumors, including breast tumors, and its dysregulation is associated with several cancer 
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hallmarks, including uncontrolled proliferation, genomic instability, and metabolic 

reprogramming in tumor cells. It is also believed to be a major cause of resistance to therapies, 

making it a critical focus of research for understanding disease progression and exploring the 

potential of this pathway as a therapeutic target. (100) 

 

Stromal cells (endothelial cells, pericytes, fibroblasts, bone-marrow mesenchymal 
stromal cells) 
 

The TME components such as fibroblasts, endothelial cells, and MSCs have a vital role 

in tumor development and progression. It is known that tumors are not only composed of 

malignant cells but also by an altered surrounding stroma. (101) 

The molecular events by which reactive stromal cells influence cancer cells are 

fundamental to enable the discovery of biomarkers and therapeutic targets. Cancer-associated 

fibroblasts (CAFs) constitute the majority of the cancer stroma and modulate the TME in ways 

that promote cancer initiation, angiogenesis, invasion, and metastasis. In breast cancer, CAFs 

not only drive tumor progression but also contribute to chemotherapy resistance.  

CAFs play a significant role in promoting tumor initiation and progression through several 

mechanisms. These include influencing estradiol (E2) levels, secreting factors like HGF, TGF-

β, SDF-1, VEGF, IL-6, and matrix metalloproteinases (MMPs), and inducing processes such 

as stemness, epigenetic changes, and epithelial-mesenchymal transition (EMT). (102) A study 

showed that CAFs can also enhance the growth of pre-cancerous breast epithelial cells 

(MCF10A) and inhibit their differentiation via aromatase-mediated estrogen synthesis. 

(103)Contrarily, another study showed that both normal fibroblasts (NAFs) and CAFs can 

inhibit MCF10A growth with NAFs having a stronger inhibitory effect, suggesting that the 

suppressive ability of fibroblasts is diminished as breast cancer progresses. (104) 

Beyond E2 level modulation, CAFs contribute to breast cancer progression through 

increased growth factors and loss of tumor suppressor genes. IL-6, which is highly expressed 

in CAFs compared to NAFs, promotes cell migration and induces EMT, further driving breast 

cancer invasion. (105) 

Recently, growing evidence suggests that CAFs can induce resistance to chemotherapy. 

(106) Collagen type I secreted by CAFs contributes to reduced uptake of chemotherapeutic 

drugs in tumors and plays a significant role in regulating tumor sensitivity to various 

chemotherapies. Moreover, chemotherapy and radiation-induced DNA damage in fibroblasts 
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stimulate the secretion of the gene WNT16B, which subsequently leads to breast cancer cell 

proliferation, invasion. (107) 

Therefore, targeting CAFs offers a promising approach to control tumors and overcome 

therapeutic resistance. (108) 

MSCs are multipotent stem cells that have the potential to differentiate into several types 

of progenitor cells involved in maintaining tissue homeostasis, regulating local immune 

responses, and regenerating damaged tissues. (97) Once in the TME, MSCs undergo 

polarization and interact with various cell populations, including immune cells, CAFs, cancer 

stem cells (CSCs), and breast cancer cells. In most cases, MSCs are associated with therapeutic 

resistance, nevertheless, there is also evidence that they can sensitize cancer cells to 

chemotherapy and radiotherapy. Due to their inherent regenerative and homing properties, 

MSCs are considered promising candidates for cell-based therapies(109) 

In the context of brain metastases, the brain microenvironment created by the cells of the 

neurovascular unit also plays a role in the poor prognosis associated with these secondary 

tumors, with pericytes being among the involved cell types. Brain pericytes exhibited a strong 

chemoattractant effect on breast cancer cells and formed direct contact with them. By secreting 

large amounts of extracellular matrix proteins (collagens, elastins, fibronectins, and laminins), 

pericytes increase the adhesion of TNBC cells, which is likely crucial for the perivascular 

growth of these tumor cells. Additionally, pericytes secreted insulin-like growth factor 2 

(IGF2), which significantly promotes the growth of breast cancer cells. (110)  

 
Immune cell compartment  
 

The immune cells are the most important elements throughout breast carcinogenesis. 

Normal breast tissue contains a significantly high immune cell population, such as CD8+ and 

CD4+ T cells, B cells, dendritic cells, macrophages, and natural killer (NK) cells in the ductal 

layer. (111) These cells, together, guarantee adaptive and innate immunity to the epithelial 

layer for protection against exogenous and endogenous pathogens, as well as the elimination 

of transformed cells. When there is a carcinogenic development, there are quantitative and 

qualitative changes in the nature and location of these immune cells, as well as an increase of 

these in both parenchymal and stromal compartments. 

DCs play a key role in tumor-related immune responses as powerful antigen-presenting 

cells. They recognize, process, and present tumor antigens via major histocompatibility 

complexes (MHCs), initiating a naïve T cell response and connecting innate and adaptive 
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immunity. Immature DCs, derived from bone marrow, exhibit high endocytic activity but low 

T cell activation, potentially promoting antigen-specific tolerance rather than immunity. Upon 

encountering antigens, they mature and migrate to lymphoid organs, where they activate T 

cells, generating an immune response. Due to their heterogeneity, DCs can either enhance T 

cell responses, improve outcomes, or induce T cell tolerance, supporting tumor progression. 

(112) 

In the breast tumor microenvironment, tumor-associated macrophages (TAMs) are the 

most prevalent immune cells and play a key role in regulating breast cancer progression. 

During tumor development, TAMs promote breast tumor growth by enhancing angiogenesis, 

aiding cancer cell metastasis, inducing cancer stemness, regulating energy metabolism, and 

contributing to immune system suppression. (113) 

NK cells are cytotoxic lymphocytes known for recognizing and eliminating tumor cells, 

making them early responders against cancer. While cytokine-stimulated NK cells can 

contribute to antitumor responses, their function depends on their activation and maturation. 

NK cells in the TME can control tumor growth through cytotoxic activity, but this is influenced 

by their maturation and location. In humans, mature CD56dimCD16+ NK cells in peripheral 

blood are cytotoxic, while immature CD56brightCD16− NK cells in lymphoid tissues have 

reduced cytotoxicity. Despite evidence of reduced-function NK cells infiltrating tumors like 

lung cancer, their role in BC progression remains largely unexplored. (114) 

Several studies have identified tumor-infiltrating lymphocytes (TILs) as a favorable 

prognostic biomarker capable of predicting therapy response. TIL areas are commonly detected 

in hematoxylin and eosin-stained histological slides via light microscopy (101) and higher 

numbers of TILs are connected to a better clinical outcome. Specifically, CD4+ T-helper 1 

(Th1) cells aid in antigen presentation by secreting cytokines and activating antigen-presenting 

cells, while CD8+ cytotoxic T-cells play a crucial role in tumor destruction, even though most 

of the time they are not functional. 

 

Breast Cancer Brain metastases 
 

MBC is one of the main causes of mortality associated with breast cancer. The most 

common sites of metastasis include the brain, axillary lymph nodes, bone, lung, and liver. (115) 

In the past two decades, breast cancer brain metastases (BBM) have been increasing due to 

better control of metastasis outside the central nervous system (CNS) and enhanced detection 

techniques for brain metastases. (116) 
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BBM are developed in 15-25% of breast cancer patients (7) and are predominantly found 

in HER2+ tumors and TNBC. (117) BBM are considered the second most frequent type of brain 

metastase, only surpassed by from lung cancer.   

When clinically suspected, BBM are confirmed by computed tomography (CT), which will 

show mass lesions with surrounding vasogenic edema associated. MRI provides a better 

understanding of the lesions, including their size, number, and distribution. (118) 

Unfortunately, BBM is associated with a poor QoL as patients will experience secondary 

effects such as neurologic deficit, headaches and epileptic manifestations, and a reduced 

OS(119) The prognosis remains poor, with a median survival rate ranging from 2 to 25.3 

months. TNBC has the shortest survival (3 to 4 months) (120), while HER2+ tumors have the 

longest (17 to 19 months), despite having the highest incidence rates. 

The development of brain metastases is a long and complex process, taking about 32 

months since the first diagnosis (121), as cancer cells require time to penetrate the blood-brain 

barrier (BBB) and to invade the brain, through extravasation. The brain microenvironment is 

complex with unique cell types, metabolic pathways, anatomical structures, and immune 

environment. In the brain, tumor cells tend to prefer the cerebellum, indicating that different 

brain areas have unique properties influencing the metastatic site. 

Primary breast cancer cells need to invade surrounding tissue and blood vessels, adhere to 

the brain endothelium, penetrate the BBB, and finally invade the endothelial layer to grow in 

the brain parenchyma. (122) After this process, only a few tumor cells will have the capacity 

to survive in the brain environment. These cells will either grow within already existing blood 

vessels in a process called perivascular growth or start creating new blood vessels through 

neoangiogenesis to support their proliferation (Figure 8). The disruption of the BBB will lead 

to a newly permeable barrier known as the blood-tumor barrier (BTB). Subsequently, 

macroscopic brain metastases will form, indicating that the tumor has now spread into the 

brain. (8) 

When it comes to treatment approaches, BBM can be classified as either limited or 

extensive. Extensive refers to more than 4 lesions, while limited refers to 3 or fewer lesions. 

(123) The treatment options vary based on the number of brain metastases present. Currently, 

BBM treatments are limited, since BBB penetration remains a challenge despite advancements 

to overcome it. Nevertheless, patients who develop BBM can undergo surgery, radiotherapy, 

chemotherapy, hormone therapy, and immunotherapy, with significant progress being made in 

targeted therapy, depending on the status of the disease. 
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Figure 8 - Formation of brain metastases. Breast cancer cells metastasize into the brain through extravasation. 
When already at the brain parenchyma, they can either go through perivascular growth, keeping the BBB intact 
or become macroscopic through neoangiogenesis, disrupting the blood-brain barrier (BBB) and forming the 
blood-tumor barrier (BTB). (124) 
 

Current treatments 
 

Limited effective therapeutic options are available for BBM, and often therapeutic 

regimens involve a combination of therapies. The US National Comprehensive Cancer 

Network (NCCN) guidelines’ treatment recommendations are based on the number and volume 

of metastases, location, primary tumor subtype, and the patient's performance status and 

prognosis. (123)   

A better understanding of the BBB and the development for targeted therapies have been 

instrumental to improve the treatment and prevention of brain metastases. Currently, the gold 

standard treatment for BBM includes local surgery combined with radiotherapy and systemic 

treatment for the control of CNS disease. (125) 
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Surgery 

Surgery is the therapeutic option for BBM patients presenting a good performance 

status, according to the Karnofsky Performance Status (KPS). Patients presenting a 

performance status of ≥70, suggest a good prognosis, those with single or few (≤3) lesions, and 

those with larger symptomatic lesions (≥3 cm). (126) The presence of clinical symptoms, peri-

focal edema, and associated hydrocephalus are also selection criteria for surgical resection. 

Patients with a single metastasis, a good prognosis, and no extended extracranial disease, 

according to the guidelines published by the Congress of Neurological Surgeons for the 

surgical treatment of metastatic brain tumors, undergo surgery, followed by whole-brain 

radiation therapy (WBRT) to improve OS. Patchell et al. (127) evaluated patients’ responses 

to surgery of single BBM. They either went through surgical resection followed by WBRT or 

needle biopsy followed by WBRT. The results showed that brain metastases recurrence was 

less frequent in the surgery group (20%) compared to the needle biopsy group (52%). 

Stereotactic radiosurgery (SRS) to the tumor bed can also be performed following surgery to 

improve local control. (118) 

Patients with multiple brain metastases are not selected for surgery. This first-line 

treatment is used if the lesions are symptomatic and cause mass effects or obstructive 

hydrocephalus. (128) In alternative, surgical resection followed by SRS is used in patients with 

three or fewer lesions with >3 cm in diameter. 

Surgery provides immediate relief from intracranial hypertension. In addition, it allows 

a direct histological diagnosis, when tissue diagnosis is needed. However, the location of the 

metastatic lesions may pose a limitation, and the accessibility is also important to take into 

consideration. (126) Surgery is not recommended by the NCCN for patients with limited brain 

metastases with disseminated systemic disease and few systemic treatment options. For those 

with five or more brain lesions, surgical resection is not the first-line treatment option and will 

only be performed on those for whom surgery will bring any survival benefit. Among breast 

cancer patients, leptomeningeal metastases (LM) are a concern, affecting around 5% of them, 

and are associated with a poor prognosis since cancer cells have achieved the cerebrospinal 

fluid (CSF) that surrounds the brain and spinal cord. (129) 

 

Radiotherapy 
Radiotherapy is one of the fundamental treatments for brain metastases. The local 

therapy WBRT is the most common. WBRT is used in patients with multiple lesions, as it aims 

to control macroscopic metastases and eradicate the microscopic ones to control the BBM-
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associated symptoms. Most patients undergo conventional WBRT in a dose of 30Gy in 10 

fractions, and these doses should not be exceeded unless the patient shows a poor prognosis 

and a lower performance status. (126) Even though it shows good results in patients with a 

poor prognosis, widely spread brain metastases, poor performance status, and uncontrolled 

systemic disease. Currently, WBRT is mostly used as an adjuvant therapy, especially after 

surgery for a single brain metastasis. Several clinical trials showed that patients who received 

adjuvant WBRT had fewer recurrences compared to those who did not receive radiation, both 

at the operative site (10 vs. 46%) and at other brain locations (10 vs. 37%). However, changes 

in OS were limited. (130) 

Despite all the benefits of WBRT, its late toxicity and the new targeted therapeutic 

approaches have limited the use of WBRT. (131) The North Central Cancer Treatment Group 

(NCCTG) evaluated the WBRT-associated toxicity. Patients with 1 to 3 metastases were 

randomized into two groups: SRS vs. SRS followed by WBRT. Despite better brain control, 

the group submitted to WBRT showed a decline in cognitive function compared to those who 

did not receive the adjuvant therapy. (132) According to the WHO recommendations, WBRT 

is not recommended for patients with performance status 0-2. The treatment option is either 

surgery or radiosurgery. (132) 

Radiotherapy has been linked to immunotherapy, demonstrating a synergistic effect. 

Radiotherapy can directly induce genotoxic effects in tumor cells, leading to DNA damage and 

subsequent cell death. In addition to apoptosis, radiotherapy causes necrosis and ICD, which 

elicits pro-inflammatory responses and modulates the behavior of surviving cells. These 

mechanisms suggested that radiotherapy can modulate the TME. (133) Breast tumors and brain 

tumors are typically classified as ‘cold’ tumors due to their highly immunosuppressive nature, 

characterized by a high content of myeloid cells and a low number of dendritic cells (DC) and 

T cells. In contrast, ‘hot’ tumors have a higher concentration of DC and T cells (Figure 9).  

Radiation can recruit immune cells such as DCs, which are crucial for an effective 

immune response, thereby transforming "cold" tumors into "hot" tumors that are more likely 

to be recognized by the immune system—a significant advantage for immunotherapy. 

Additionally, radiotherapy disrupts the BBB, facilitating the entrance of immune cells, 

inducing pro-inflammatory responses, and making tumors more susceptible to immunotherapy. 

(134) 
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Figure 9 - Turning ‘cold’ tumors into ‘hot’ tumors via radiation. Radiotherapy can modulate the ‘cold’ TME to a 
‘hot’ TME. ‘Cold’ tumors have a high concentration in myeloid cells and low content in DCs and T cells. In 
contrast, ‘hot’ tumors there is a high content in DCs and T cells, demonstrating a pro-inflammatory response, 
which can be harnessed for immunotherapy. (134) 
 

Stereotactic radiosurgery (SRS) 
SRS is a precise radiation technique that does not involve an incision or opening and 

causes less damage to the surrounding tissue. It works as any other type of radiology treatment, 

as its x-ray beams destroy abnormal cells, preventing them from growing or reproducing. (135) 

The precision allows SRS to reach challenging sites in the brain, which has shown an advantage 

in patients who are poor candidates for surgery or have lesions in non-resettable locations. 

(126) Depending on the lesion size and patients’ performance status, single fraction SRS or 

multiple fraction SRS can be considered. 

SRS can be used as a neoadjuvant or as adjuvant therapy. Its safety after surgery is 

enhanced by its precision, which reduces the risk of infection. SRS shows an advantage over 

WBRT in that it does not cause the neurocognitive decline associated with the latter therapy. 

Adjuvant SRS, however, is associated with a higher risk of radio-necrosis generally associated 

with surrounding edema and can either be symptomatic or asymptomatic (136) when compared 

to adjuvant WBRT. (137)  Preoperative SRS has the advantage of decreasing the risk of LMD 

compared to postoperative SRS, having a similar OS. 

Kondziolka et al (138)conducted a study on patients with two to four brain metastases 

to compare the efficacy between WBRT and WBRT plus SRS. This trial demonstrated 

improved local control of the disease, with the time to local failure extending from 6 months 

with WBRT to 36 months with WBRT plus SRS. However, OS remained unchanged, likely 

due to the extent of extracranial disease. The Radiation Therapy Oncology Group (RTOG) also 

confirmed the efficacy of this combined therapy in patients with one to three brain metastases, 

demonstrating improved local control and an increase in OS by 1.6 months in patients with a 
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single unresectable lesion. (139) Currently, no findings support the use of SRS without WBRT 

in patients with over 4 lesions. 

As mentioned above, for patients with lesions larger than 3 cm and associated 

symptoms, surgery is the treatment of choice. SRS can be considered after surgical resection 

in patients with a few lesions (fewer than 3) and those with lesions over 3 cm, as it reduces the 

risk of recurrence and increases survival. (137) In patients with single brain metastasis who 

undergo surgery plus WBRT, SRS can be added to the tumor bed to improve local control. 

(139) 

 
Chemotherapy 

Chemotherapy is a treatment option against BBM. However, traditional 

chemotherapeutic agents often show limited efficacy in treating brain metastases due to the 

unique characteristics of the brain and the presence of the BBB formed by brain capillaries and 

glial cell walls. (140) Most of these cytotoxic drugs are unable to cross the BBB and, therefore, 

cannot effectively target tumors within the brain. (141) 

Currently, the drugs used as chemotherapeutic agents for breast cancer that can cross 

the BBB include cisplatin, etoposide, irinotecan, capecitabine, temozolomide, and intra-arterial 

carboplatin. (141) Capecitabine is often the first drug attempted for patients with HR+ BBM, 

as it is thought to penetrate the BBB. These chemotherapeutic agents have been combined with 

radiation therapy, showing efficacy. WBRT can disrupt the BBB, allowing adjuvant 

chemotherapy to enhance the treatment effect. (142) A prospective study compared the impact 

on QoL in BBM patients treated with WBRT alone or WBRT plus carboplatin. It was 

demonstrated that OS (15.9 vs. 11.3 months) and progression-free survival (PFS) (10.2 vs. 6.8 

months) were longer in the group treated with WBRT plus chemotherapy when compared to 

the WBRT-alone group. (141) 

A non-randomized prospective study demonstrated that treatment with CMF 

(cyclophosphamide, methotrexate, and fluorouracil) or FAC (5-fluorouracil, doxorubicin, and 

cyclophosphamide) regimens resulted in a 59% CNS response. (143)  

For HR+ patients, cyclin-dependent kinases (CDKs) have been extensively studied for 

their potential to cross the BBB. CDKs regulate the transition between stages of the cell cycle, 

making them powerful therapeutic targets for cancer treatment. CDK4 and CDK6 inhibitors, 

such as palbociclib, ribociclib, abemaciclib, and dalpiciclib, are new drugs that inhibit cell 

cycle progression. While these inhibitors have demonstrated potent activity against 

HR+/HER2- breast tumors, there are limited studies on their efficacy in BBM. Among them, 
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abemaciclib has shown a greater ability to cross the BBB compared to the others, leading to its 

inclusion in several clinical studies focused on BBM. (144)  

 
Hormonal Therapy 

Generally, most BBM patients are not ideal candidates for hormonal therapy, 

particularly those with rapidly growing tumors, HR-, and/or HER2+ subtypes(142,145). 

However, patients who are HR+ may benefit from hormonal therapy, although its efficacy is 

considerably limited to those who are naïve to prior endocrine therapies and affected by ESR1 

mutations. (142) A retrospective study involving 198 patients with HR+ BBM (146) showed 

that those receiving hormonal therapy had a longer OS of 15 months compared to 4 months for 

those who did not receive hormonal therapy. 

Tamoxifen and aromatase inhibitors (AIs) can be used in BBM patients. Tamoxifen is 

a selective estrogen receptor modulator, which blocks the effect of estrogen. AIs, such as 

anastrozole, letrozole, and exemestane are potent treatments for brain metastases, as they 

effectively lower serum and CSF concentrations of estradiol. (142) 

Fulvestrant is the only FDA-approved selective estrogen receptor degrader (SERD) for 

breast cancer. Although it does not readily cross the BBB in animal models, a case study has 

demonstrated its activity in patients with brain metastases. (145)  

ESR1 mutations are commonly acquired in HR+ metastatic breast cancer following 

treatment with AIs. (147) A study has demonstrated that ESR1 mutations can be detected at a 

high rate in the plasma, specifically in the circulating tumor DNA (ctDNA), of patients 

following progression on AI therapy. (148) To study this mutation in patients who receive 

hormonal therapy, patients were treated either with fulvestrant or exemestane. The study 

demonstrated that patients with ESR1 mutations had improved PFS after taking fluvestrant 

when compared to exemestane. This analysis shows that patients with ESR1 mutated are at 

elevated risk of early death if treated with exemestane. For patients displaying ESR1 mutations, 

AI therapy is not appropriate. Therefore, when selecting the appropriate endocrine therapy 

backbone for patients, ctDNA analysis is recommended. (142) 

 

Immunotherapy 
Immunotherapy aims to use the patient’s own immune system to specifically attack and 

eliminate tumor cells. The development of immunotherapeutic approaches advanced, in part 

due to the lack of effective treatment options against brain metastases. The brain has previously 

been described as an immune-privileged organ but is now seen as a target of 
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immunotherapeutic drugs. (149)  Multiple lines of evidence have demonstrated that tumor cells 

manipulate immune regulatory mechanisms in the brain to ensure their survival and growth.  

(150) Several immunotherapeutic approaches, including checkpoint inhibitors and adoptive 

cell therapy (CAR-T) have shown promising results in BBM treatment. These and other 

immunotherapies will be discussed in detail in the following section. 

 
Monoclonal Antibodies against HER-2 Receptor Protein 

In general, breast cancer-expressing HER2 is resistant to chemotherapy and hormonal 

therapy. Therefore, anti-HER2-targeted therapy has been developed over the past decades, not 

only for primary breast cancer but also for BBM. A significant number of breast cancer patients 

(30-50%) expressing HER2 can develop brain metastases during their clinical course.   

Given the limited treatment options for BBM from breast cancer, mAbs have been used 

to inhibit the HER2-overexpression. Current treatment guidelines for patients with HER2+ 

BBM recommend a taxane in combination with trastuzumab and pertuzumab, followed by 

trastuzumab emtansine (T-DM1) for patients who have disease progression. (151) 

 

Trastuzumab 
Trastuzumab was the first mAb approved for metastatic breast cancer in the United 

States and the European Union in 1998 and 2000, respectively. In HER2+ breast cancer, 

trastuzumab is widely used as a first-line therapy. In BBM, current evidence and future 

directions also emphasize the role of trastuzumab. Multiple studies have demonstrated that 

trastuzumab can prolong the time until CNS metastases develop in patients. (144) Although it 

is significantly effective in controlling systemic disease, trastuzumab’s poor BBB penetration 

limits its ability to control intracranial disease. This limitation poses a challenge in effectively 

treating brain metastases in HER2+ breast cancer patients. 

Olson et al. showed that the incidence of brain metastases, as the first site of recurrence, 

was higher in patients receiving adjuvant trastuzumab compared to those who did not receive 

trastuzumab. (152) Therefore, trastuzumab is not yet an option in BBM treatment.  

In the past two decades, antibody-drug conjugates (ADC) have altered the therapeutic 

landscape for metastatic solid tumors. ADCs are a combination of an antibody with a cytotoxic 

drug and one of the examples is trastuzumab deruxtecan (T-DXd), which combines an anti-

HER2 antibody, a topoisomerase I inhibitor, and a cleavable tetrapeptide-based linker. (153) 
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For years, it has been assumed that mAbs, specifically ADCs, would not have activity 

in the CNS due to poor penetration across the BBB. However, a phase III study showed efficacy 

against HER2+ BBM with ADCs. (154) 

Another study demonstrated T-DXd efficacy in both high and low HER2 expression 

BBM. T-DXd inhibited tumor growth and prolonged survival, in which patients showed a CNS 

objective response rate of 73% and an extracranial response rate of 45%. (155) Given these 

findings, ADCs appear to be a viable option for treating solid brain tumors. Further trials, 

including those involving trastuzumab, will be conducted due to its therapeutic potential 

against BBM. 

 

Tucatinib 
Tucatinib is an oral tyrosine kinase inhibitor (TKI), approved for BBM treatment. It is 

approved in combination with trastuzumab and capecitabine for patients with HER2+ 

metastatic breast cancer, including those with brain metastases. (151) 

Tucatinib is highly selective for the HER2 receptor, with minimal inhibition of other 

HER family receptors, including EGFR, which is often an issue with other TKIs. In a previous 

study, tucatinib combined with trastuzumab and capecitabine showed promising antitumor 

activity in patients with HER2+ metastatic breast cancer, including BBM. The pivotal 

HER2CLIMB trial (156) assessed the efficacy of tucatinib versus placebo, both in combination 

with trastuzumab and capecitabine, for treating HER2+ metastatic breast cancer. The trial 

included 612 patients with and without brain metastases. With an additional 15.6 months of 

follow-up, tucatinib combined with trastuzumab and capecitabine continues to show a 

significant improvement in OS, offering a median survival benefit of 5.5 months. Patients 

treated with the tucatinib combination had a median OS of 24.7 months, compared to 19.2 

months for those in the placebo combination group. (151) This final analysis confirmed that 

the tucatinib combination continues to provide a substantial survival benefit for patients with 

HER2+ metastatic breast cancer. These survival results are particularly, striking considering 

that almost half of the HER2CLIMB trial participants had brain metastases, including some 

with active brain metastases at the beginning of the study. This is representative of the real-

world situation, where up to 50% of patients with HER2+ metastatic breast cancer will develop 

brain metastases at some point during their illness. (157) 

Despite the described advancements in HER2-targeted treatments, patients with BBM 

still face a poor prognosis. While clinical trials for HER2+ metastatic breast cancer have often 

excluded patients with brain metastases, both the American Society of Clinical Oncology's 
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Friends of Cancer Research Brain Metastases Working Group and the 2019 FDA guidance on 

"Cancer Clinical Trial Eligibility Criteria: Brain Metastases" have advocated for the inclusion 

of patients with brain metastases in clinical trials. (158,159) 

 

Advanced in Immunotherapy for Brain Metastases of Breast 
Cancer 
 

The incidence of BBM has been increasing and the treatment options must evolve to 

achieve a better outcome for patients. The traditional therapeutic approaches, including 

chemotherapy, radiotherapy, and hormonal therapy have shown limited efficacy against brain 

metastases. Immunotherapy has been described as an effective solution for patients at early 

stage and even for those with resistant metastasis. Studies have demonstrated that brain tumors 

present an immune microenvironment that can be targeted via immunotherapy. CNS works as 

an immune specialized environment with a tight control network that links microglia, 

astrocytes, and lymphocytes. Among immunotherapeutic approaches, the major focus has been 

directed to block immune checkpoint molecules. 

 

Immune Checkpoint Inhibitors 
 

The brain has a great variety of immune cells (e.g., tissue-resident macrophage, 

microglia, astrocytes). Therefore, immunotherapy, such as checkpoint inhibition, has been 

considered a treatment strategy for brain metastases. (134) Immune checkpoints are critical to 

avoid autoimmunity and attacking the host as they keep the cytotoxic activity of T cells under 

control. Tumor cells can block T cell activity and establish an immunosuppressive TME by up-

regulating checkpoint components. Immune checkpoint inhibitors aim to reverse the inactivity 

of T cells and induce anti-tumor responses. (133) 

In contrast to tumors with inflammatory phenotype and containing TILs, or ‘hot’ 

tumors, breast cancer and BBM are designated as ‘cold’ tumors, which means an immune 

desert and immune-excluded phenotype. Therefore, ‘cold’ tumors are thought to be resistant to 

checkpoint inhibition, and turning them into ‘hot’ tumors with a pro-inflammatory TME has 

been a strategy to sensitize them to immune checkpoint inhibition. The most relevant 

checkpoint inhibitors have been antibodies blocking the inhibitory checkpoint proteins 

cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1) that 
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are expressed in T cells and programmed death-ligand 1 (PDL-1) that is expressed in other 

immune cells (DC, TAM) and tumor cells. (160) 

 
 

Figure 10 - Mechanism of action of immune checkpoint inhibitors for cancer immunotherapy. Immune 
checkpoints work to prevent immune responses. T cells recognize checkpoint proteins such as CTLA-4 and PD-
1 and this binding works as a turn off sign for the T cells, disactivating it. Tumor cells can coopt this system by 
presenting checkpoints such as PD-L1 which, in turn will inhibit T-cell–mediated immunity. Immunotherapy will 
then work as a system that prevents the binding of T-cells to their protein pair. Immune checkpoint inhibitors will 
bind to checkpoint proteins, keeping T cells activated and ready to recognize and destroy cancer cells. 
Abbreviations: APC, antigen-presenting cell; CD, cluster of differentiation; CTLA-4, cytotoxic T-lymphocyte–
associated antigen 4; MHC, major histocompatibility complex; PD-1, programmed cell death protein 1; PD-L1, 
programmed death-ligand 1; TCR, T-cell receptor (161) 

When T cells recognize checkpoint ligands in other cells, such as antigen-presenting 

cells (APC), they are turned off. In addition, tumor cells can inactivate T cells, as they can 

coopt this system by presenting checkpoints and binding their major histocompatibility 

complex (MHC) to the T-cell receptor (TCR). The use of checkpoint inhibitors works as a 

protective mechanism to activate T cells and drive effective anti-tumor responses (Figure 10). 

(161) Immune checkpoint inhibitors are effective in BBM, but are currently limited to TNBC 

patients.  
 

CTLA4 
CTLA-4 is a checkpoint protein found in the intracellular compartment in resting T 

cells that is transported to the cell surface when the T cell is stimulated. When binding to its 

ligand (B7) located in APC, the T cell is deactivated and unable to recognize and eliminate 

other cells, including cancer cells. Under normal circumstances, this mechanism is essential to 

prevent immune responses from over-amplification. To keep T cells activated, immune 
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checkpoint inhibitors have been developed. Anti-CTLA-4 therapy prevents the binding of 

CTLA-4 to B7. Instead, this protein will bind to an anti-CTLA-4 antibody, activating the T cell 

to recognize tumor cells. CTLA-4 is rapidly upregulated following T-cell antigen exposure and 

activation. Tremelimumab and Ipilimumab are both examples of human mAb antagonists of 

CTLA-4 that upregulate the cytotoxic activity of T cells. (162) 

Recent studies have shown efficacy in patients with breast cancer who are treated with 

Ipilimumab in combination with other therapies such as RT and SRS. However, patients with 

BBM were not included. A study in HER2+ patients assessed the efficacy of anti-CTLA4 

therapy with brain radiotherapy in breast cancer patients. However, the study did not 

demonstrate satisfactory efficacy for further investigation, as most patients experienced rapid 

disease progression. Nonetheless, the combination of Tremelimumab with brain RT, and 

potentially Trastuzumab, will be considered for future treatment of patients with HER2+ BBM. 

(163) 

 

PD-1 and PD-L1 
PD-1 is a cell surface receptor found on activated T and B cells, binding to PD-L1 and 

PD-L2, which play a role in regulating the immune system’s response. It also suppresses T cell 

inflammatory activity, thereby promoting self-tolerance. While this process is generally 

beneficial, in the context of cancer, it can inhibit the immune system from effectively targeting 

and destroying tumor cells. PD-1 is an immune checkpoint that functions by promoting the 

apoptosis of antigen-specific T-cells in lymph nodes, while simultaneously reducing apoptosis 

in regulatory T cells. Since this mechanism blocks the system’s ability to kill cancer cells, PD-

1 inhibitors are a class of drugs designed to activate the immune system to attack tumors and 

are used in the treatment of breast cancer. (84) 

Currently, PD-1 inhibitors, such as pembrolizumab and nivolumab, are being actively 

investigated in clinical trials for non-small cell lung cancer and melanoma with brain 

metastases. However, there is a lack of data on the use of anti-PD-1 therapies specifically for 

BBM. This gap highlights the need to explore the potential of enhancing the host's antitumor 

immune response in BBM by inhibiting these immune checkpoints.  

PD-L1 is a transmembrane protein that plays a crucial role in suppressing immunity 

during certain events. PD-L1 is notably overexpressed in breast cancer, making it a significant 

prognostic marker and a target for cancer immunotherapy. Higher levels of PD-L1 expression 

are associated with more aggressive tumors. There are two hypotheses explaining PD-L1 

expression in tumors: the innate model and the adaptive model. The innate model proposes that 
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PD-L1 expression is independent of the tumor microenvironment and is instead driven by 

intrinsic cellular signaling pathways within the tumor cells. On the other hand, the adaptive 

model suggests that TILs are the key drivers of PD-L1 expression, with tumor cells 

upregulating PD-L1 as a defense mechanism in response to the body’s natural antitumor 

activity. Numerous PD-L1 inhibitors are currently being developed as immunotherapies 

showing promising results in clinical trials. The analysis of PD-L1 is essential in TNBC 

patients to determine their eligibility for immunotherapy. (164) 

Several studies suggest that the immune response to malignant processes in the brain 

may vary depending on the type of cancer. A deeper understanding of the local immune 

response associated with brain metastases could lead to the development of new preventive 

and therapeutic strategies for breast cancer patients. A study was conducted to understand how 

the immune response affects the development of brain metastases. (165) The study included 

84 patients with breast cancer who underwent excision of BBM. TIL (CD4+, CD8+) and 

macrophage/microglia (CD68+) infiltration were determined in 96 %, 98 %, and 92 % of cases, 

respectively. PD-1 was expressed on TILs in 17% of the patients, more frequently in older 

patients or in those with HER2+ tumors. Patients who were PD-1+ had a longer OS after the 

surgical removal of BBM compared to patients who were PD-1–. Specifically, the median OS 

for PD-1+ patients was 27.9 months, whereas for PD-1– patients, it was 13.9 months. However, 

no correlation was found between the expression of PD-1 on TILs and the expression of PD-1 

ligands (such as PD-L1 and PD-L2) in BBM. PD-L1 was expressed in 53% of the cases (41 

out of 77), and PD-L2 in 36% of the cases (28 out of 77), but this expression was not linked to 

any specific BBM phenotype.  

Pembrolizumab has shown promising effects and a favorable safety profile in PD-L1-

positive advanced TNBC and heavily pretreated ER+/HER2– breast cancer. Additionally, PD-

L1 inhibitors such as atezolizumab and avelumab have demonstrated particular efficacy in 

TBNC. Several ongoing clinical trials are further investigating various immune checkpoint 

inhibitors in both locally advanced and metastatic breast cancer, as well as in the adjuvant 

setting. (166) 
 

Chimeric Antigen Receptor (CAR) T-Cell Therapy 
 

CAR-T cells have been mostly used in hematologic malignancies. CAR-T cell therapy 

is a personalized treatment in which T cells are collected from the patient and reintroduced.  



 43 

T cells are the main killers of the adaptive immune system but often cannot eliminate 

cancer cells. To enhance their effectiveness, they are isolated and genetically modified using 

viral vectors that introduce genes encoding Chimeric Antigen Receptors (CARs) (Figure 11). 

(161) These CARs are then expressed on the surface of the modified T cells and are designed 

to recognize and bind to specific proteins, or antigens, found on the surface of cancer cells. The 

modified T cells are then expanded to millions and infused back into the patient. Once inside 

the body, the CAR-T cells are intended to proliferate and, guided by their engineered receptors, 

target and destroy cancer cells that display the specific antigen on their surfaces. (167) 

The CAR-T cell therapies approved by the FDA are those that either target the antigen 

CD19 or the antigen BCMA on B cells. The ones targeting CD19 are now being developed 

against brain metastases. 

 
 
Figure 11 – CAR-T cell therapy involves collecting T cells from the patient, isolating them, and returning the 
remaining blood to the body. The isolated T cells are then genetically modified using viral vectors that introduce 
genes encoding Chimeric Antigen Receptors (CARs). These CARs are designed to bind specifically to proteins 
or antigens present on the surface of cancer cells. After the genetic modification, the redesigned T cells are 
multiplied to produce millions of copies, which are then reintroduced into the patient. Once back in the body, 
these CAR-T cells are expected to continue multiplying and target tumor cells for destruction. (161) 
 

In 2018, a trial conducted by Brown et al. (168) explored CAR-T cell therapy in patients 

with glioblastoma, a type of brain tumor. The trial showed positive results, marking the 

beginning of the application of this therapy in treating brain tumors. In BBM, preclinical 

investigations using human xenograft mouse models have demonstrated that CAR T-cell 

therapy may effectively target HER2+ brain metastases. This research suggests the potential 

for CAR T-cell therapy to be an effective treatment option for patients with these specific types 

of brain metastases. (169) Even though these trials demonstrated efficacy in treating brain 

metastases and brain tumors, the recurrence of disease and the development of cerebral edema 

remain significant concerns for patients undergoing CAR-T cell therapy. (170) Ongoing 

research is focused on better understanding these challenges and finding ways to reduce the 
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side effects. Currently, some trials are exploring the combination of immune checkpoint 

inhibitors, targeting PD-1 and PD-L1, with CAR-T cell therapy. This combination could 

potentially open new treatment avenues for patients with BBM. (161) 

 

Breast Cancer Vaccines 
 

Cancer vaccines aim to activate the patient’s immune system to recognize and target 

tumor cells. These vaccines elicit CD4+ and CD8+ T cell responses against tumor-associated 

antigens (TAAs) and/or tumor-specific antigens (TSAs). (171) Whereas mAbs are considered 

a form of passive immunotherapy, breast cancer vaccines fall into active immunotherapy, 

inducing a therapeutic effect.  

Currently, the most common type of vaccine for breast cancer consists of peptides derived 

from tumor antigens. In addition to peptides, there are other breast cancer vaccine formulations, 

including protein, plasmid, carbohydrate, and tumor cell-based vaccines (Figure 12).  

 
 
Figure 12 – Types of breast cancer vaccines and respective mechanisms. Breast cancer vaccines can be 
categorized into different types based on their formulation: peptide vaccines, protein-based vaccines, 
carbohydrate antigen vaccines, dendritic cell-based vaccines, and tumor cell vaccines. Unlike dendritic cell-
based vaccines, which present antigens directly to T cells, all the other formulations require stimulation of 
antigen-presenting cells (APCs) to activate effector immune cells. (162) 
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All these formulations aim to stimulate autologous APCs, which in turn activate 

effector immune cells to enhance the anti-tumor response. Dendritic cell-based vaccines 

involve the ex vivo generation of DC that are either loaded with tumor antigens or transfected 

to express them. These cells process the antigens and directly present them to T cells, thereby 

initiating an immune response. 

Currently, vaccines in combination with immune checkpoint inhibitors are under active 

investigation. Some preclinical studies suggest that cancer vaccines can also increase the 

expression of inhibitory receptors on the surface of T cells during activation. One reason for 

this is that tumor-specific T cells release more IFN-g, which leads to an increase in PD-L1 

expression. This upregulation is a natural mechanism to prevent excessive immune responses 

in the body. Immune checkpoint inhibitors can help counteract this immunosuppressive effect, 

which may otherwise weaken the anti-tumor immunity triggered by vaccines. Combining 

breast cancer vaccines with immune checkpoint inhibitors is a promising strategy that could 

potentially enhance and prolong the immune response, leading to significant clinical benefits. 

Additionally, combining vaccines with other therapies such as anti-HER2 mAbs has shown a 

synergetic effect. (162) 

On December 6th, 2023, the results of a phase I clinical trial for an innovative breast 

cancer vaccine were presented at the San Antonio Breast Cancer Symposium. (172)This latest 

study focused on evaluating the vaccine's efficacy and dosage in patients with early TNBC. 

The vaccine is based on the hypothesis that certain proteins are produced in the body only at 

specific times and in specific tissues. The protein targeted by this vaccine is α-lactalbumin, 

which is typically produced in lactating breasts but not in other tissues or at other times, making 

it undetectable in normal aging breast tissue. However, it was found at elevated levels in over 

70% of TNBC tumors. The vaccine was developed to target α-lactalbumin, aiming to attack 

cancer cells that overproduce this protein. The trial involved patients with early-stage TNBC 

who had completed treatment but were at risk of recurrence. More than half of the trial 

participants generated T-cell responses against α-lactalbumin, which was the anticipated 

outcome. The research team is now enrolling two new groups of patients for further study. The 

first group consists of cancer-free individuals with BRCA1 and BRCA2 mutations, who will 

undergo prophylactic surgery and receive the vaccine. The second group includes patients with 

early-stage TNBC who have completed chemoimmunotherapy and surgery and are receiving 

adjuvant pembrolizumab. Given the high risk of recurrence in these patients, they will receive 
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both pembrolizumab and the vaccine concurrently. Looking ahead, the research team plans to 

launch a preventive trial. (162) 
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Conclusion and future perspectives 
 

In 2021, breast cancer became the most common cancer globally and the incidence of 

BBM is rising. Brain metastases develop in 15-25% of breast cancer patients, with nearly half 

of those having HER2+ tumors. The high survival rates observed in the early stages contrast 

with the poor prognosis of BBM. Therefore, BBM represents a significant and growing medical 

challenge.  

Recent studies have delved into the mechanisms of therapy resistance in BBM, 

revealing that tumor cells often adapt by altering signaling pathways, and modifying their 

microenvironment to evade treatment. These resistance mechanisms underscore the 

complexity of BBM and the need for therapies that can overcome these barriers. The TME in 

BBM is characterized by significant immunosuppression, driven by various cells whose role is 

not yet fully understood. These cells contribute to a hostile immune landscape that protects 

tumor cells from immune-mediated destruction, further complicating treatment efforts. In 

addition, a major challenge is the limited ability of drugs to cross the BBB and BTB to target 

tumor cells effectively. 

 Ongoing research is exploring innovative treatments, including ADCs and mAbs, 

which are showing promise in targeting BBM. In addition, the recent insights into the brain 

immune microenvironment offered a new avenue for the development of effective 

immunotherapies targeting the brain immune landscape.  

The exclusion of BBM patients from many clinical trials further complicates the 

development of new therapies, perpetuating the lack of targeted treatments. Nevertheless, there 

is a strong push to include BBM patients in more clinical studies, which is essential for 

advancing therapeutic options. 

Addressing these challenges through continued research, including studies on therapy 

resistance and tumor immunosuppression, as well as clinical trial inclusion, is critical to 

improving outcomes for patients with BBM and meeting this urgent medical need. 

 

 
 
 
 
 
 
 
  



 48 

References 
 
1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global 

cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries. CA Cancer J Clin. 2024 May;74(3):229–63.  

2. Soerjomataram I, Bray F. Planning for tomorrow: global cancer incidence and the role 
of prevention 2020–2070. Nat Rev Clin Oncol. 2021;18(10).  

3. Wojtyla C, Bertuccio P, Wojtyla A, La Vecchia C. European trends in breast cancer 
mortality, 1980–2017 and predictions to 2025. Eur J Cancer. 2021;152.  

4. Arnold M, Morgan E, Rumgay H, Mafra A, Singh D, Laversanne M, et al. Current and 
future burden of breast cancer: Global statistics for 2020 and 2040. Breast. 2022;66.  

5. Trayes KP, Cokenakes SEH. Breast Cancer Treatment. Vol. 104, American family 
physician. 2021.  

6. Farahani MK, Gharibshahian M, Rezvani A, Vaez A. Breast cancer brain metastasis: 
from etiology to state-of-the-art modeling. Vol. 17, Journal of Biological Engineering. 
2023.  

7. Cagney DN, Martin AM, Catalano PJ, Redig AJ, Lin NU, Lee EQ, et al. Incidence and 
prognosis of patients with brain metastases at diagnosis of systemic malignancy: A 
population-based study. Neuro Oncol. 2017;19(11).  

8. Nguyen TT, Hamdan D, Angeli E, Feugeas JP, Le Q Van, Pamoukdjian F, et al. 
Genomics of Breast Cancer Brain Metastases: A Meta-Analysis and Therapeutic 
Implications. Cancers (Basel). 2023;15(6).  

9. Egner JR. AJCC Cancer Staging Manual. JAMA. 2010;304(15).  
10. Parise CA, Bauer KR, Brown MM, Caggiano V. Breast cancer subtypes as defined by 

the estrogen receptor (ER), progesterone receptor (PR), and the human epidermal 
growth factor receptor 2 (HER2) among women with invasive breast cancer in 
California, 1999-2004. Breast Journal. 2009;15(6).  

11. Carey LA, Perou CM, Livasy CA, Dressler LG, Cowan D, Conway K, et al. Race, 
breast cancer subtypes, and survival in the Carolina Breast Cancer Study. J Am Med 
Assoc. 2006;295(21).  

12. Grann VR, Troxel AB, Zojwalla NJ, Jacobson JS, Hershman D, Neugut AI. Hormone 
receptor status and survival in a population-based cohort of patients with breast 
carcinoma. Cancer. 2005;103(11).  

13. Goldhirsch A, Glick JH, Gelber RD, Coates AS, Thürlimann B, Senn HJ, et al. 
Meeting Highlights: International Expert Consensus on the Primary Therapy of Early 
Breast Cancer 2005. Vol. 16, Annals of Oncology. 2005.  

14. Barzaman K, Karami J, Zarei Z, Hosseinzadeh A, Kazemi MH, Moradi-Kalbolandi S, 
et al. Breast cancer: Biology, biomarkers, and treatments. Vol. 84, International 
Immunopharmacology. 2020.  

15. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA Cancer J Clin. 
2021;71(1).  

16. Dai X, Xiang L, Li T, Bai Z. Cancer hallmarks, biomarkers and breast cancer 
molecular subtypes. Vol. 7, Journal of Cancer. 2016.  

17. Anderson WF, Chatterjee N, Ershler WB, Brawley OW. Estrogen receptor breast 
cancer phenotypes in the Surveillance, Epidemiology, and End Results database. 
Breast Cancer Res Treat. 2002;76(1).  

18. Neves Rebello Alves L, Dummer Meira D, Poppe Merigueti L, Correia Casotti M, do 
Prado Ventorim D, Ferreira Figueiredo Almeida J, et al. Biomarkers in Breast Cancer: 
An Old Story with a New End. Vol. 14, Genes. 2023.  



 49 

19. Key T. Sex hormones and risk of breast cancer in premenopausal women: A 
collaborative reanalysis of individual participant data from seven prospective studies. 
Lancet Oncol. 2013;14(10).  

20. Hanker AB, Sudhan DR, Arteaga CL. Overcoming Endocrine Resistance in Breast 
Cancer. Vol. 37, Cancer Cell. 2020.  

21. Clark SE, Warwick J, Carpenter R, Bowen RL, Duffy SW, Jones JL. Molecular 
subtyping of DCIS: Heterogeneity of breast cancer reflected in pre-invasive disease. 
Br J Cancer. 2011;104(1).  

22. Metzger-Filho O, Sun Z, Viale G, Price KN, Crivellari D, Snyder RD, et al. Patterns of 
recurrence and outcome according to breast cancer subtypes in lymph node-negative 
disease: Results from international breast cancer study group trials VIII and IX. 
Journal of Clinical Oncology. 2013;31(25).  

23. Foukakis T BJ. Prognostic and predictive factors in early, non-metastatic breast 
cancer. Utodate. 2016.  

24. García-Aranda M, Redondo M. Immunotherapy: A challenge of breast cancer 
treatment. Cancers (Basel). 2019;11(12).  

25. Anderson WF, Chu KC, Chatterjee N, Brawley O, Brinton LA. Tumor variants by 
hormone receptor expression in white patients with node-negative breast cancer from 
the surveillance, epidemiology, and end results database. Journal of Clinical Oncology. 
2001;19(1).  

26. Ravdin PM, Green S, Dorr TM, McGuire WL, Fabian C, Pugh RP, et al. Prognostic 
significance of progesterone receptor levels in estrogen receptor-positive patients with 
metastatic breast cancer treated with tamoxifen: Results of a prospective southwest 
oncology group study. Journal of Clinical Oncology. 1992;10(8).  

27. Bardou VJ, Arpino G, Elledge RM, Osborne CK, Clark GM. Progesterone receptor 
status significantly improves outcome prediction over estrogen receptor status alone 
for adjuvant endocrine therapy in two large breast cancer databases. Journal of Clinical 
Oncology. 2003;21(10).  

28. Rakha EA, Chmielik E, Schmitt FC, Tan PH, Quinn CM, Gallagy G. Assessment of 
Predictive Biomarkers in Breast Cancer: Challenges and Updates. Vol. 89, 
Pathobiology. 2022.  

29. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire WL. Human breast 
cancer: Correlation of relapse and survival with amplification of the HER-2/neu 
oncogene. Science (1979). 1987;235(4785).  

30. Triple Positive breast cancer.  
31. Hu Z, Fan C, Oh DS, Marron JS, He X, Qaqish BF, et al. The molecular portraits of 

breast tumors are conserved across microarray platforms. BMC Genomics. 2006;7.  
32. Kumar P, Aggarwal R. An overview of triple-negative breast cancer. Vol. 293, 

Archives of Gynecology and Obstetrics. 2016.  
33. Mayrovitz HN. Breast Cancer.  
34. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, et al. Triple-

negative breast cancer: Clinical features and patterns of recurrence. Clinical Cancer 
Research. 2007;13(15).  

35. Armstrong BK. Cancer Epidemiology and Prevention. Int J Epidemiol. 2018;47(6).  
36. Bray F, McCarron P, Parkin DM. The changing global patterns of female breast cancer 

incidence and mortality. Vol. 6, Breast Cancer Research. 2004.  
37. World Health Organization. WHO Position Paper on Mammography Screening. WHO 

Position Paper on Mammography Screening. 2014;  
38. World Health Organization. WHO acceleration plan to stop obesity. 

EClinicalMedicine. 2023;57.  



 50 

39. Chen MJ, Wu WYY, Yen AMF, Fann JCY, Chen SLS, Chiu SYH, et al. Body mass 
index and breast cancer: Analysis of a nation-wide population-based prospective 
cohort study on 1 393 985 Taiwanese women. Int J Obes. 2016;40(3).  

40. Dixita Das. Breast cancer: Risk factors and prevention strategies. World Journal of 
Biology Pharmacy and Health Sciences. 2022 Dec 30;12(3):265–80.  

41. Williams LA, Nichols HB, Hoadley KA, Tse CK, Geradts J, Bell ME, et al. 
Reproductive risk factor associations with lobular and ductal carcinoma in the Carolina 
Breast Cancer Study. Cancer Causes and Control. 2018;29(1).  

42. Narod SA. Hormone replacement therapy and the risk of breast cancer. Vol. 8, Nature 
Reviews Clinical Oncology. 2011.  

43. Nazari SS, Mukherjee P. An overview of mammographic density and its association 
with breast cancer. Vol. 25, Breast Cancer. 2018.  

44. Çelik A, Acar M, Moroski Erkul C, Gunduz E, Gunduz M. Relationship of Breast 
Cancer with Ovarian Cancer. In: A Concise Review of Molecular Pathology of Breast 
Cancer. 2015.  

45. Momenimovahed Z, Salehiniya H. Epidemiological characteristics of and risk factors 
for breast cancer in the world. Vol. 11, Breast Cancer: Targets and Therapy. 2019.  

46. Oldenhuis CNAM, Oosting SF, Gietema JA, de Vries EGE. Prognostic versus 
predictive value of biomarkers in oncology. Eur J Cancer. 2008;44(7).  

47. Duffy MJ, O’Donovan N, McDermott E, Crown J. Validated biomarkers: The key to 
precision treatment in patients with breast cancer. Breast. 2016;29.  

48. Seale KN, Tkaczuk KHR. Circulating Biomarkers in Breast Cancer. Vol. 22, Clinical 
Breast Cancer. 2022.  

49. Abe O, Abe R, Enomoto K, Kikuchi K, Koyama H, Nomura Y, et al. Tamoxifen for 
early breast cancer: An overview of the randomised trials. The Lancet. 
1998;351(9114).  

50. Colozza M, Azambuja E, Cardoso F, Sotiriou C, Larsimont D, Piccart MJ. 
Proliferative markers as prognostic and predictive tools in early breast cancer: Where 
are we now? Vol. 16, Annals of Oncology. 2005.  

51. Vincent-Salomon A, Rousseau A, Jouve M, Beuzeboc P, Sigal-Zafrani B, Fréneaux P, 
et al. Proliferation markers predictive of the pathological response and disease 
outcome of patients with breast carcinomas treated by anthracycline-based 
preoperative chemotherapy. Eur J Cancer. 2004;40(10).  

52. Cheang MCU, Chia SK, Voduc D, Gao D, Leung S, Snider J, et al. Ki67 index, HER2 
status, and prognosis of patients with luminal B breast cancer. J Natl Cancer Inst. 
2009;101(10).  

53. Dowsett M, Houghton J, Iden C, Salter J, Farndon J, A’Hern R, et al. Benefit from 
adjuvant tamoxifen therapy in primary breast cancer patients according oestrogen 
receptor, progesterone receptor, EGF receptor and HER2 status. Annals of Oncology. 
2006;17(5).  

54. Shang C, Xu D. Epidemiology of Breast Cancer. Vol. 24, Oncologie. 2022.  
55. Varol U, Kucukzeybek Y, Alacacioglu A, Somali I, Altun Z, Aktas S, et al. BRCA 

genes: BRCA 1 and BRCA 2. Vol. 23, Journal of B.U.ON. 2018.  
56. Sun X, Liu K, Lu S, He W, Du Z. Targeted Therapy and Immunotherapy for 

Heterogeneous Breast Cancer. Vol. 14, Cancers. 2022.  
57. Cobain EF, Milliron KJ, Merajver SD. Updates on breast cancer genetics: Clinical 

implications of detecting syndromes of inherited increased susceptibility to breast 
cancer. Vol. 43, Seminars in Oncology. 2016.  



 51 

58. Kuchenbaecker KB, Hopper JL, Barnes DR, Phillips KA, Mooij TM, Roos-Blom MJ, 
et al. Risks of breast, ovarian, and contralateral breast cancer for BRCA1 and BRCA2 
mutation carriers. JAMA. 2017;317(23).  

59. Kotsopoulos J. BRCA mutations and breast cancer prevention. Cancers (Basel). 
2018;10(12).  

60. Metcalfe K, Gershman S, Lynch HT, Ghadirian P, Tung N, Kim-Sing C, et al. 
Predictors of contralateral breast cancer in BRCA1 and BRCA2 mutation carriers. Br J 
Cancer. 2011;104(9).  

61. Lakhani SR, Van De Vijver MJ, Jacquemier J, Anderson TJ, Osin PP, McGuffog L, et 
al. The pathology of familial breast cancer: Predictive value of immunohistochemical 
markers estrogen receptor, progesterone receptor, HER-2, and p53 in patients with 
mutations in BRCA1 and BRCA2. Journal of Clinical Oncology. 2002;20(9).  

62. Van Der Groep P, Van Der Wall E, Van Diest PJ. Pathology of hereditary breast 
cancer. Cellular Oncology. 2011;34(2).  

63. Metcalfe K, Eisen A, Senter L, Armel S, Bordeleau L, Meschino WS, et al. 
International trends in the uptake of cancer risk reduction strategies in women with a 
BRCA1 or BRCA2 mutation. Br J Cancer. 2019;121(1).  

64. Jonasson JG, Stefansson OA, Johannsson OT, Sigurdsson H, Agnarsson BA, 
Olafsdottir GH, et al. Oestrogen receptor status, treatment and breast cancer prognosis 
in Icelandic BRCA2 mutation carriers. Br J Cancer. 2016;115(7).  

65. Ahn S, Woo JW, Lee K, Park SY. HER2 status in breast cancer: Changes in guidelines 
and complicating factors for interpretation. Vol. 54, Journal of Pathology and 
Translational Medicine. 2020.  

66. Tandon AK, Clark GM, Chamness GC, Ullrich A, McGuire WL. HER-2/neu 
oncogene protein and prognosis in breast cancer. Journal of Clinical Oncology. 
1989;7(8).  

67. Masuda H, Zhang D, Bartholomeusz C, Doihara H, Hortobagyi GN, Ueno NT. Role of 
epidermal growth factor receptor in breast cancer. Vol. 136, Breast Cancer Research 
and Treatment. 2012.  

68. Eccles SA. The epidermal growth factor receptor/Erb-B/HER family in normal and 
malignant breast biology. International Journal of Developmental Biology. 2011;55(7–
9).  

69. Cabioglu N, Gong Y, Islam R, Broglio KR, Sneige N, Sahin A, et al. Expression of 
growth factor and chemokine receptors: New insights in the biology of inflammatory 
breast cancer. Annals of Oncology. 2007;18(6).  

70. Mueller KL, Yang ZQ, Haddad R, Ethier SP, Boerner JL. EGFR/Met association 
regulates EGFR TKI resistance in breast cancer. J Mol Signal. 2010;5.  

71. Dang C V., O’Donnell KA, Zeller KI, Nguyen T, Osthus RC, Li F. The c-Myc target 
gene network. Vol. 16, Seminars in Cancer Biology. 2006.  

72. Xu J, Chen Y, Olopade OI. MYC and Breast Cancer. Genes Cancer. 2010;1(6).  
73. Baudino TA, McKay C, Pendeville-Samain H, Nilsson JA, Maclean KH, White EL, et 

al. c-Myc is essential for vasculogenesis and angiogenesis during development and 
tumor progression. Genes Dev. 2002;16(19).  

74. Grushko TA, Dignam JJ, Das S, Blackwood AM, Perou CM, Ridderstråle KK, et al. 
MYC Is Amplified in BRCA1-Associated Breast Cancers. Clinical Cancer Research. 
2004;10(2).  

75. Menssen A, Hermeking H. Characterization of the c-MYC-regulated transcriptome by 
SAGE: Identification and analysis of c-MYC target genes. Proc Natl Acad Sci U S A. 
2002;99(9).  



 52 

76. Kamian S, Ashoori H, Vahidian F, Davoudi S. The Relevance of Common K-RAS 
Gene Mutations and K-RAS mRNA Expression with Clinicopathological Findings and 
Survival in Breast Cancer. Asian Pacific Journal of Cancer Prevention. 2023;24(3).  

77. Parada LF, Tabin CJ, Shih C, Weinberg RA. Human EJ bladder carcinoma oncogene 
is homologue of Harvey sarcoma virus ras gene. Nature. 1982;297(5866).  

78. Hoeflich KP, O’Brien C, Boyd Z, Cavet G, Guerrero S, Jung K, et al. In vivo 
antitumor activity of MEK and phosphatidylinositol 3-kinase inhibitors in basal-like 
breast cancer models. Clinical Cancer Research. 2009;15(14).  

79. Murugan AK, Grieco M, Tsuchida N. RAS mutations in human cancers: Roles in 
precision medicine. Vol. 59, Seminars in Cancer Biology. 2019.  

80. Perou CM, Sørile T, Eisen MB, Van De Rijn M, Jeffrey SS, Ress CA, et al. Molecular 
portraits of human breast tumours. Nature. 2000;406(6797).  

81. Paranjape T, Heneghan H, Lindner R, Keane FK, Hoffman A, Hollestelle A, et al. A 
3’-untranslated region KRAS variant and triple-negative breast cancer: A case-control 
and genetic analysis. Lancet Oncol. 2011;12(4).  

82. Siewertsz van Reesema LL, Lee MP, Zheleva V, Winston JS, O’Connor CF, Perry RR, 
et al. RAS pathway biomarkers for breast cancer prognosis. Clin Lab Int. 2016;40.  

83. Galiè M. RAS as Supporting Actor in Breast Cancer. Vol. 9, Frontiers in Oncology. 
2019.  

84. Neves Rebello Alves L, Dummer Meira D, Poppe Merigueti L, Correia Casotti M, do 
Prado Ventorim D, Ferreira Figueiredo Almeida J, et al. Biomarkers in Breast Cancer: 
An Old Story with a New End. Vol. 14, Genes. 2023.  

85. Marvalim C, Datta A, Lee SC. Role of p53 in breast cancer progression: An insight 
into p53 targeted therapy. Vol. 13, Theranostics. 2023.  

86. Duffy MJ, Synnott NC, Crown J. Mutant p53 in breast cancer: potential as a 
therapeutic target and biomarker. Vol. 170, Breast Cancer Research and Treatment. 
2018.  

87. Ciaffrocca M, Goldstein LJ. Prognostic and Predictive Factors in Early-Stage Breast 
Cancer. JAMA: The Journal of the American Medical Association. 1997;277(13).  

88. Nicolini A, Ferrari P, Duffy MJ. Prognostic and predictive biomarkers in breast 
cancer: Past, present and future. Vol. 52, Seminars in Cancer Biology. 2018.  

89. Foulkes WD, Reis-Filho JS, Narod SA. Tumor size and survival in breast cancer- A 
reappraisal. Vol. 7, Nature Reviews Clinical Oncology. 2010.  

90. Carter CL, Allen C, Henson DE. Relation of tumor size, lymph node status, and 
survival in 24,740 breast cancer cases. Cancer. 1989;63(1).  

91. Wang M, Klevebring D, Lindberg J, Czene K, Grönberg H, Rantalainen M. 
Determining breast cancer histological grade from RNA-sequencing data. Breast 
Cancer Research. 2016;18(1).  

92. Rakha EA, El-Sayed ME, Lee AHS, Elston CW, Grainge MJ, Hodi Z, et al. Prognostic 
significance of nottingham histologic grade in invasive breast carcinoma. Journal of 
Clinical Oncology. 2008;26(19).  

93. Ivshina A V., George J, Senko O, Mow B, Putti TC, Smeds J, et al. Genetic 
reclassification of histologic grade delineates new clinical subtypes of breast cancer. 
Cancer Res. 2006;66(21).  

94. Wasserman A, Wasserman E, Mark R, Author S, Hospital S, Biotechnology N, et al. 
Recent Advances in Breast Cancer Treatments [Internet]. Available from: 
www.JSR.org 

95. McGale P, Taylor C, Correa C, Cutter D, Duane F, Ewertz M, et al. Effect of 
radiotherapy after mastectomy and axillary surgery on 10-year recurrence and 20-year 



 53 

breast cancer mortality: Meta-analysis of individual patient data for 8135 women in 22 
randomised trials. The Lancet. 2014;383(9935).  

96. Common treatment approaches.  
97. Ritter A, Kreis NN, Hoock SC, Solbach C, Louwen F, Yuan J. Adipose Tissue-

Derived Mesenchymal Stromal/Stem Cells, Obesity and the Tumor Microenvironment 
of Breast Cancer. Vol. 14, Cancers. 2022.  

98. Ortega MA, Fraile-Martínez O, Asúnsolo Á, Buján J, García-Honduvilla N, Coca S. 
Signal Transduction Pathways in Breast Cancer: The Important Role of 
PI3K/Akt/mTOR. J Oncol. 2020;2020.  

99. Lien EC, Dibble CC, Toker A. PI3K signaling in cancer: beyond AKT. Vol. 45, 
Current Opinion in Cell Biology. 2017.  

100. Hermida MA, Dinesh Kumar J, Leslie NR. GSK3 and its interactions with the 
PI3K/AKT/mTOR signalling network. Vol. 65, Advances in Biological Regulation. 
2017.  

101. Coppola L, Smaldone G, D’aiuto M, D’aiuto G, Mossetti G, Rinaldo M, et al. 
Identification of Immune Cell Components in Breast Tissues by a Multiparametric 
Flow Cytometry Approach. Cancers (Basel). 2022;14(16).  

102. Mao Y, Keller ET, Garfield DH, Shen K, Wang J. Stromal cells in tumor 
microenvironment and breast cancer. Vol. 32, Cancer and Metastasis Reviews. 2013. 
p. 303–15.  

103. Shekhar MPV, Werdell J, Santner SJ, Pauley RJ, Tait L. Breast stroma plays a 
dominant regulatory role in breast epithelial growth and differentiation: Implications 
for tumor development and progression. Cancer Res. 2001;61(4).  

104. Sadlonova A, Novak Z, Johnson MR, Bowe DB, Gault SR, Page GP, et al. Breast 
fibroblasts modulate epithelial cell proliferation in three-dimensional in vitro co-
culture. Breast Cancer Res. 2005;7(1).  

105. Hugo HJ, Lebret S, Tomaskovic-Crook E, Ahmed N, Blick T, Newgreen DF, et al. 
Contribution of fibroblast and mast cell (afferent) and tumor (efferent) IL-6 effects 
within the tumor microenvironment. Cancer Microenvironment. 2012;5(1).  

106. Loeffler M, Krüger JA, Niethammer AG, Reisfeld RA. Targeting tumor-associated 
fibroblasts improves cancer chemotherapy by increasing intratumoral drug uptake. 
Journal of Clinical Investigation. 2006;116(7).  

107. Sun Y, Campisi J, Higano C, Beer TM, Porter P, Coleman I, et al. Treatment-induced 
damage to the tumor microenvironment promotes prostate cancer therapy resistance 
through WNT16B. Nat Med. 2012;18(9).  

108. Mao Y, Keller ET, Garfield DH, Shen K, Wang J. Stromal cells in tumor 
microenvironment and breast cancer. Vol. 32, Cancer and Metastasis Reviews. 2013. 
p. 303–15.  

109. Zhang L. The Role of Mesenchymal Stem Cells in Modulating the Breast Cancer 
Microenvironment. Vol. 32, Cell Transplantation. 2023.  

110. Molnár K, Mészáros Á, Fazakas C, Kozma M, Győri F, Reisz Z, et al. Pericyte-
secreted IGF2 promotes breast cancer brain metastasis formation. Mol Oncol. 
2020;14(9).  

111. Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C, Prabhakaran S, et al. Single-
Cell Map of Diverse Immune Phenotypes in the Breast Tumor Microenvironment. 
Cell. 2018;174(5).  

112. Szpor J, Streb J, Glajcar A, Frączek P, Winiarska A, Tyrak KE, et al. Dendritic cells 
are associated with prognosis and survival in breast cancer. Diagnostics. 2021;11(4).  

113. Huang X, Cao J, Zu X. Tumor-associated macrophages: An important player in breast 
cancer progression. Vol. 13, Thoracic Cancer. 2022.  



 54 

114. Thacker G, Henry S, Nandi A, Debnath R, Singh S, Nayak A, et al. Immature natural 
killer cells promote progression of triple-negative breast cancer. Sci Transl Med. 
2023;15(686).  

115. Gonzalez-Angulo AM, Morales-Vasquez F, Hortobagyi GN. Overview of resistance to 
systemic therapy in patients with breast cancer. Vol. 608, Advances in Experimental 
Medicine and Biology. 2007.  

116. Kuksis M, Gao Y, Tran W, Hoey C, Kiss A, Komorowski AS, et al. The incidence of 
brain metastases among patients with metastatic breast cancer: a systematic review and 
meta-analysis. Vol. 23, Neuro-Oncology. 2021.  

117. Aversa C, Rossi V, Geuna E, Martinello R, Milani A, Redana S, et al. Metastatic 
breast cancer subtypes and central nervous system metastases. Breast. 2014;23(5).  

118. Raghavendra AS, Ibrahim NK. Breast Cancer Brain Metastasis: A Comprehensive 
Review. JCO Oncol Pract. 2024 May 15;  

119. Sperduto PW, Kased N, Roberge D, Xu Z, Shanley R, Luo X, et al. Effect of tumor 
subtype on survival and the graded prognostic assessment for patients with breast 
cancer and brain metastases. Int J Radiat Oncol Biol Phys. 2012;82(5).  

120. Nam BH, Kim SY, Han HS, Kwon Y, Lee KS, Kim TH, et al. Breast cancer subtypes 
and survival in patients with brain metastases. Breast Cancer Research. 2008;10(1).  

121. Leone JP, Lee A V., Brufsky AM. Prognostic factors and survival of patients with 
brain metastasis from breast cancer who underwent craniotomy. Cancer Med. 
2015;4(7).  

122. Morris VL, Koop S, MacDonald IC, Schmidt EE, Grattan M, Percy D, et al. Mammary 
carcinoma cell lines of high and low metastatic potential differ not in extravasation but 
in subsequent migration and growth. Clin Exp Metastasis. 1994;12(6).  

123. Magličić A, Podolski P, Šarić N, Soče M, Baučić M, Vušković S, et al. LOCAL 
TREATMENT OF BREAST CANCER BRAIN METASTASES. Vol. 50, Libri 
Oncologici. 2022.  

124. Bailleux C, Eberst L, Bachelot T. Treatment strategies for breast cancer brain 
metastases. Vol. 124, British Journal of Cancer. 2021.  

125. Le Rhun E, Guckenberger M, Smits M, Dummer R, Bachelot T, Sahm F, et al. 
EANO–ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up of 
patients with brain metastasis from solid tumours ☆. Annals of Oncology. 
2021;32(11).  

126. Leone JP, Leone BA. Breast cancer brain metastases: The last frontier. Vol. 4, 
Experimental Hematology and Oncology. 2015.  

127. Patchell RA, Tibbs PA, Walsh JW, Dempsey RJ, Maruyama Y, Kryscio RJ, et al. A 
Randomized Trial of Surgery in the Treatment of Single Metastases to the Brain. New 
England Journal of Medicine. 1990;322(8).  

128. Tomita Y, Kurozumi K, Fujii K, Shimazu Y, Date I. Neurosurgery for brain metastasis 
from breast cancer. Vol. 9, Translational Cancer Research. 2020.  

129. Wang N, Bertalan MS, Brastianos PK. Leptomeningeal metastasis from systemic 
cancer: Review and update on management. Vol. 124, Cancer. 2018.  

130. Patchell RA, Tibbs PA, Regine WF, Dempsey RJ, Mohiuddin M, Kryscio RJ, et al. 
Postoperative radiotherapy in the treatment of single metastases to the brain: A 
randomized trial. JAMA. 1998;280(17).  

131. Frisk G, Tinge B, Ekberg S, Eloranta S, Bäcklund LM, Lidbrink E, et al. Survival and 
level of care among breast cancer patients with brain metastases treated with whole 
brain radiotherapy. Breast Cancer Res Treat. 2017;166(3).  

132. Gaspar LE, Prabhu RS, Hdeib A, McCracken DJ, Lasker GF, McDermott MW, et al. 
Congress of Neurological Surgeons Systematic Review and Evidence-Based 



 55 

Guidelines on the Role of Whole Brain Radiation Therapy in Adults with Newly 
Diagnosed Metastatic Brain Tumors. Clin Neurosurg. 2019;84(3).  

133. Sevenich L. Turning “Cold” into “Hot” tumors - Opportunities and challenges for 
radio-immunotherapy against primary and metastatic brain cancers. Vol. 9, Frontiers in 
Oncology. 2019.  

134. Fachbereich Biologie vom. The influence of radio-immunotherapy on the tumor 
microenvironment of breast-to-brain metastasis and the investigation of novel adjuvant 
therapies.  

135. Stereotactic Radiosurgery.  
136. Milano MT, Grimm J, Niemierko A, Soltys SG, Moiseenko V, Redmond KJ, et al. 

Single- and Multifraction Stereotactic Radiosurgery Dose/Volume Tolerances of the 
Brain. Int J Radiat Oncol Biol Phys. 2021 May 1;110(1):68–86.  

137. Michel A, Oppong MD, Rauschenbach L, Dinger TF, Barthel L, Pierscianek D, et al. 
Prediction of Short and Long Survival after Surgery for Breast Cancer Brain 
Metastases. Cancers (Basel). 2022;14(6).  

138. Kondziolka D, Patel A, Lunsford LD, Kassam A, Flickinger JC. Stereotactic 
radiosurgery plus whole brain radiotherapy versus radiotherapy alone for patients with 
multiple brain metastases. Int J Radiat Oncol Biol Phys. 1999;45(2).  

139. Roberge D, Petrecca K, El Refae M, Souhami L. Whole-brain radiotherapy and tumor 
bed radiosurgery following resection of solitary brain metastases. Vol. 95, Journal of 
Neuro-Oncology. 2009.  

140. Sherman JH, Lo SS, Harrod T, Hdeib A, Li Y, Ryken T, et al. Congress of 
Neurological Surgeons Systematic Review and Evidence-Based Guidelines on the 
Role of Chemotherapy in the Management of Adults with Newly Diagnosed 
Metastatic Brain Tumors. Vol. 84, Clinical Neurosurgery. 2019.  

141. Xu K, Huang Y, Yao J, Xu Z, He X. Whole-brain radiotherapy and chemotherapy in 
the treatment of patients with breast cancer and brain metastases. Int J Clin Exp Med. 
2021;14(2).  

142. Jusino S, Fadul CE, Dillon P. Systematic review of the management of brain 
metastases from hormone receptor positive breast cancer. Vol. 162, Journal of Neuro-
Oncology. 2023.  

143. Boogerd W, Dalesio O, Bais EM, Van Der Sande JJ. Response of brain metastases 
from breast cancer to systemic chemotherapy. Cancer. 1992;69(4).  

144. Sun H, Xu J, Dai S, Ma Y, Sun T. Breast cancer brain metastasis: Current evidence 
and future directions. Vol. 12, Cancer Medicine. 2023.  

145. Wang Q, Sun B, Liu C, Shi S, Ding L, Liu J, et al. Brain metastases from breast cancer 
may respond to endocrine therapy: Report of two cases. Onco Targets Ther. 2019;12.  

146. Bergen ES, Berghoff AS, Medjedovic M, Rudas M, Fitzal F, Bago-Horvath Z, et al. 
Continued endocrine therapy is associated with improved survival in patients with 
breast cancer brain metastases. Clinical Cancer Research. 2019;25(9).  

147. Turner NC, Swift C, Kilburn L, Fribbens C, Beaney M, Garcia-Murillas I, et al. ESR1 
Mutations and Overall Survival on Fulvestrant versus Exemestane in Advanced 
Hormone Receptor–Positive Breast Cancer: A Combined Analysis of the Phase III 
SoFEA and EFECT Trials. Clinical Cancer Research. 2020;26(19).  

148. Chandarlapaty S, Chen D, He W, Sung P, Samoila A, You D, et al. Prevalence of 
ESR1 Mutations in Cell-Free DNA and Outcomes in Metastatic Breast Cancer: A 
Secondary Analysis of the BOLERO-2 Clinical Trial. JAMA Oncol. 2016;2(10).  

149. Ganesh K, Massagué J. Targeting metastatic cancer. Vol. 27, Nature Medicine. 2021.  



 56 

150. Xiong S, Tan X, Wu X, Wan A, Zhang G, Wang C, et al. Molecular landscape and 
emerging therapeutic strategies in breast cancer brain metastasis. Vol. 15, Therapeutic 
Advances in Medical Oncology. 2023.  

151. Curigliano G, Mueller V, Borges V, Hamilton E, Hurvitz S, Loi S, et al. Tucatinib 
versus placebo added to trastuzumab and capecitabine for patients with pretreated 
HER2+ metastatic breast cancer with and without brain metastases (HER2CLIMB): 
final overall survival analysis. Annals of Oncology. 2022 Mar 1;33(3):321–9.  

152. Pellerino A, Internò V, Mo F, Franchino F, Soffietti R, Rudà R. Management of brain 
and leptomeningeal metastases from breast cancer. Vol. 21, International Journal of 
Molecular Sciences. 2020.  

153. Kabraji S, Ni J, Sammons S, Li T, Van Swearingen AED, Wang Y, et al. Preclinical 
and Clinical Efficacy of Trastuzumab Deruxtecan in Breast Cancer Brain Metastases. 
Clinical Cancer Research. 2023;29(1).  

154. Kabraji S, Ni J, Lin NU, Xie S, Winer EP, Zhao JJ. Drug resistance in HER2-Positive 
breast cance brain metastases: Blame the barrier or the brain? Vol. 24, Clinical Cancer 
Research. 2018.  

155. Diéras V, Deluche E, Lusque A, Pistilli B, Bachelot T, Pierga JY, et al. Abstract PD8-
02: Trastuzumab deruxtecan (T-DXd) for advanced breast cancer patients (ABC), 
regardless HER2 status: A phase II study with biomarkers analysis (DAISY). Cancer 
Res. 2022;82(4_Supplement).  

156. Murthy RK, Loi S, Okines A, Paplomata E, Hamilton E, Hurvitz SA, et al. Tucatinib, 
Trastuzumab, and Capecitabine for HER2-Positive Metastatic Breast Cancer. New 
England Journal of Medicine. 2020;382(7).  

157. Pestalozzi BC, Holmes E, de Azambuja E, Metzger-Filho O, Hogge L, Scullion M, et 
al. CNS relapses in patients with HER2-positive early breast cancer who have and 
have not received adjuvant trastuzumab: A retrospective substudy of the HERA trial 
(BIG 1-01). Lancet Oncol. 2013;14(3).  

158. Cancer Clinical Trial Eligibility Criteria: Brain Metastases Guidance for Industry 
[Internet]. 2020. Available from: https://www.fda.gov/drugs/guidance-compliance-
regulatory-information/guidances-drugsand/or 

159. Lin NU, Prowell T, Tan AR, Kozak M, Rosen O, Amiri-Kordestani L, et al. 
Modernizing clinical trial eligibility criteria: Recommendations of the American 
society of clinical oncology-friends of cancer research brain metastases working 
group. Journal of Clinical Oncology. 2017;35(33).  

160. Schlam I, Gatti-Mays ME. Immune Checkpoint Inhibitors in theTreatment of Breast 
Cancer Brain Metastases. Vol. 27, Oncologist. Oxford University Press; 2022. p. 538–
47.  

161. Nieblas-Bedolla E, Nayyar N, Singh M, Sullivan RJ, Brastianos PK. Emerging 
Immunotherapies in the Treatment of Brain Metastases. Oncologist. 2021;26(3).  

162. Zhu SY, Yu K Da. Breast Cancer Vaccines: Disappointing or Promising? Vol. 13, 
Frontiers in Immunology. 2022.  

163. Page DB, Beal K, Linch SN, Spinelli KJ, Rodine M, Halpenny D, et al. Brain 
radiotherapy, tremelimumab-mediated CTLA-4-directed blockade +/− trastuzumab in 
patients with breast cancer brain metastases. NPJ Breast Cancer. 2022;8(1).  

164. Fares J, Ulasov I, Timashev P, Lesniak MS. Emerging principles of brain immunology 
and immune checkpoint blockade in brain metastases. Vol. 144, Brain. 2021.  

165. Duchnowska R, Peksa R, Radecka B, Mandat T, Trojanowski T, Jarosz B, et al. 
Immune response in breast cancer brain metastases and their microenvironment: The 
role of the PD-1/PD-L axis. Breast Cancer Research. 2016;18(1).  



 57 

166. Schlam I, Gatti-Mays ME. Immune Checkpoint Inhibitors in theTreatment of Breast 
Cancer Brain Metastases. Vol. 27, Oncologist. Oxford University Press; 2022. p. 538–
47.  

167. National Cancer Institute. National Cancer Institute. 2022. CAR T cells: Engineering 
patients’ immune cells to treat their cancers.  

168. Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al. Regression of 
Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy. New England Journal 
of Medicine. 2016;375(26).  

169. Priceman SJ, Tilakawardane D, Jeang B, Aguilar B, Murad JP, Park AK, et al. 
Regional delivery of chimeric antigen receptor-engineered T cells effectively targets 
HER2 + breast cancer metastasis to the brain. Clinical Cancer Research. 2018;24(1).  

170. Gust J, Hay KA, Hanafi LA, Li D, Myerson D, Gonzalez-Cuyar LF, et al. Endothelial 
activation and blood–brain barrier disruption in neurotoxicity after adoptive 
immunotherapy with CD19 CAR-T cells. Cancer Discov. 2017;7(12).  

171. Solinas C, Aiello M, Migliori E, Willard-Gallo K, Emens LA. Breast cancer vaccines: 
Heeding the lessons of the past to guide a path forward. Vol. 84, Cancer Treatment 
Reviews. 2020.  

172. Cleveland Clinic.  
  


