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Abstract 
_______________________________________________________________________________________________________________ 
Neutrophils, the most abundant white blood cells in the immune system, play a crucial role in 
breast cancer progression through their ability to polarize into two distinct phenotypes: N1 and 
N2. N1 neutrophils are considered antitumor effector cells that promote immune responses and 
inhibit tumour growth, while N2 neutrophils support tumour progression by promoting 
inflammation, immune suppression, and metastasis. The balance between these two phenotypes 
within the tumour microenvironment (TME) can significantly influence breast cancer 
development and response to treatment.  The polarization of neutrophils in the TME is influenced 
by various factors, including cytokines, growth factors, and interactions with other immune cells. 
N1 neutrophils exhibit pro-inflammatory and cytotoxic properties that help limit tumour growth, 
while N2 neutrophils contribute to an immunosuppressive microenvironment that facilitates 
cancer progression and therapy resistance. Studies suggest that an increased presence of N1 
neutrophils correlates with improved prognosis and response to therapies, whereas a 
predominance of N2 neutrophils is often associated with poor treatment outcomes and increased 
metastatic potential. This review examines the mechanisms underlying neutrophil polarization 
and the implications of these phenotypes on treatment responses in breast cancer. 

Keywords: N1 neutrophils, N2 neutrophils, neutrophil polarization, breast cancer, treatment 
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Introduction 

Neutrophils, the most abundant type of white blood cell 
in the human body, are traditionally known for their 
role in innate immunity, acting as the first line of 
defence against infections. Over the past few decades, 
however, their function in cancer biology, particularly in 
breast cancer, has been increasingly recognized1,2. 
Neutrophils infiltrate the tumour microenvironment 
(TME) in response to signalling molecules produced by 
the tumour and surrounding stromal cells. These 
immune cells play a dual role in cancer progression, 
influencing tumour growth, immune evasion, and 
metastasis3. Notably, neutrophils can exhibit distinct 
phenotypic polarization, primarily into two subtypes: 
N1 (pro-inflammatory) and N2 (immunosuppressive). 
The balance between these two phenotypes in the TME 
is pivotal in determining the tumour'sbehaviour and its 
response to therapies2,3. N1 neutrophils, also known as 
antitumor neutrophils, are characterized by their ability 
to produce pro-inflammatory cytokines and reactive 
oxygen species (ROS), which are capable of killing 
tumor cells directly3. These neutrophils exhibit a 
cytotoxic profile and are associated with enhanced 
immune responses, including activation of T cells and 
natural killer (NK) cells. They are often found in regions 

of the TME where active immune responses are taking 
place and are considered beneficial for controlling 
tumor growth4. On the other hand, N2 neutrophils, 
which are more immunosuppressive, contribute to the 
creation of an environment conducive to tumor 
progression. These cells promote angiogenesis, tissue 
remodeling, and the suppression of T-cell activity, 
facilitating tumor escape from immune surveillance4,5. 

The polarization of neutrophils into N1 or N2 
phenotypes is regulated by a variety of factors within 
the TME, including cytokines, growth factors, and 
interactions with other immune and stromal cells. 
Tumor-derived factors such as interleukins, colony-
stimulating factors, and tumor necrosis factor-alpha 
(TNF-α) can skew neutrophil differentiation toward the 
N2 phenotype, which is associated with tumor 
progression and poor prognosis6,7. Conversely, signals 
such as interferon-gamma (IFN-γ) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) are 
known to promote N1 polarization, fostering an immune 
response that targets tumor cells. In breast cancer, the 
TME is particularly dynamic, with neutrophils playing 
an integral role in modulating both the tumor and the 
surrounding immune cells6,10. The presence and 
function of neutrophils within this environment are 
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shaped by various molecules secreted by the tumor, 
stromal cells, and immune components. A high density 
of neutrophils, especially N1 neutrophils, in breast 
cancer has been associated with improved prognosis 
and a better response to conventional treatments like 
chemotherapy. In contrast, an accumulation of N2 
neutrophils in the TME often correlates with tumor 
metastasis, resistance to treatment, and overall poor 
survival outcomes. This shift in neutrophil polarization 
is of great interest as a potential therapeutic target for 
improving treatment efficacy8,9. 

The role of neutrophil polarization in treatment 
outcomes is an area of active investigation. Neutrophils' 
ability to influence the effectiveness of therapies, such 
as chemotherapy, immunotherapy, and radiation, has 
been increasingly acknowledged10. For instance, an N1-
dominated TME is thought to enhance the efficacy of 
immune checkpoint inhibitors by promoting a more 
immunogenic environment, whereas an N2-dominated 
TME may hinder the effectiveness of such treatments. 
Additionally, strategies that aim to reprogram N2 
neutrophils into the N1 phenotype or enhance the 
function of N1 neutrophils are under investigation as 
potential methods for improving treatment responses in 
breast cancer11. Despite the promising therapeutic 
implications of manipulating neutrophil polarization, 
several challenges remain. One of the major obstacles is 
the complexity of the TME, which consists of numerous 
immune cells, cytokines, and other factors that can 
influence neutrophil behavior. The plasticity of 
neutrophil polarization is another challenge, as these 
cells can shift between phenotypes in response to 
changes in the microenvironment12-14. Furthermore, the 
potential for off-target effects and toxicity in therapies 
that aim to modulate neutrophil function remains a 
concern, particularly when considering the delicate 
balance between promoting antitumor immunity and 
avoiding exacerbation of inflammation or 
autoimmunity. Recent advances in immunotherapy have 
fueled the exploration of neutrophil polarization as a 
therapeutic strategy. Several approaches are being 
tested, including cytokine therapy to promote N1 
polarization, immune checkpoint inhibitors to enhance 
antitumor immunity, and small molecules that target 
key signaling pathways involved in neutrophil 
differentiation13. The ultimate goal is to develop 
strategies that can shift the balance of neutrophil 
phenotypes in favor of antitumor immunity, thereby 
enhancing the overall effectiveness of cancer therapies. 
However, further research is needed to identify the 
most effective and safe strategies to modulate 
neutrophil polarization in clinical settings. 

Aim 

The aim of this review is to explore the role of N1 and 
N2 neutrophil polarization in breast cancer, focusing on 
their impact on tumor progression, metastasis, and 
response to treatment. 

Rationale 

Neutrophils, the most abundant type of white blood cell, 
have long been recognized for their role in host defense 

against infections. However, their involvement in cancer 
biology, particularly in the tumor microenvironment, 
has garnered increasing attention in recent years. 
Neutrophils exhibit plasticity and can undergo 
polarization into two distinct phenotypes: N1 
neutrophils, which have antitumor properties, and N2 
neutrophils, which promote tumor growth and 
metastasis. The dynamic interplay between these 
polarized neutrophils within the tumor 
microenvironment significantly impacts the progression 
of breast cancer, influencing both the immune response 
and the efficacy of therapeutic interventions. While N1 
neutrophils exhibit the potential to inhibit tumor 
growth by promoting immune surveillance, N2 
neutrophils have been implicated in facilitating tumor 
progression, immune evasion, and chemoresistance. The 
ability to manipulate neutrophil polarization from an 
immunosuppressive N2 phenotype to an antitumor N1 
phenotype offers a promising approach to enhancing 
treatment outcomes in breast cancer. Furthermore, 
recent advances in immunotherapy and cancer 
treatment have highlighted the need for more 
personalized approaches that target specific 
components of the immune system, including 
neutrophils. By modulating neutrophil polarization, it 
may be possible to improve the efficacy of existing 
therapies, reduce tumor resistance, and overcome the 
challenges of metastasis.  

Review Methodology 

This review article was developed through a 
comprehensive approach, involving an extensive 
literature search and analysis of relevant studies that 
explore the role of N1 and N2 neutrophil polarization in 
breast cancer and their implications for treatment 
outcomes. The methodology followed several key steps 
to ensure the synthesis of accurate, current, and 
relevant information. 

Literature Search: A thorough search was conducted 
using multiple academic databases, including PubMed, 
Scopus, Web of Science, and Google Scholar. The search 
terms included "N1 neutrophils," "N2 neutrophils," 
"breast cancer," "tumor microenvironment," "neutrophil 
polarization," "neutrophils and metastasis," 
"immunotherapy and neutrophils," and related 
keywords. Studies published from 2000 to the present 
were prioritized, with a focus on original research 
articles, reviews, clinical trials, and meta-analyses. 

Selection Criteria: Inclusion criteria for studies were as 
follows: 

• Original research articles and reviews that 
addressed neutrophil polarization (N1 and N2) in 
the context of breast cancer. 

• Studies that examined the impact of neutrophil 
polarization on tumor progression, metastasis, and 
treatment outcomes. 

• Research focusing on the mechanisms of neutrophil 
polarization within the tumor microenvironment 
and their implications for immunotherapy and other 
therapeutic strategies. 
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• Studies published in English with clear 
methodologies and outcomes. 

Exclusion criteria included: 

• Articles focusing on neutrophil polarization outside 
the context of cancer or breast cancer. 

• Studies with insufficient data on the role of 
neutrophils in tumor immunity or treatment 
response. 

• Non-peer-reviewed sources or articles lacking 
experimental validation. 

Neutrophil Polarization and the Tumor 
Microenvironment 

Neutrophil polarization refers to the differentiation of 
neutrophils into distinct phenotypic states, primarily 
categorized as N1 (antitumor) and N2 (protumor)14,15. 
This process is profoundly influenced by the tumor 
microenvironment (TME), which consists of various 
components such as cancer cells, immune cells, stromal 
cells, and extracellular matrix elements. In a healthy 
state, neutrophils are essential for immune defense 
against infections and tissue repair. However, within the 
TME, neutrophils undergo polarization that can either 
promote or inhibit tumor progression, depending on the 
signals present in the microenvironment16. 
Understanding the regulation of neutrophil polarization 
and its impact on breast cancer development has 
important implications for therapeutic strategies. In the 
context of breast cancer, neutrophils are recruited to the 
TME in response to various tumor-secreted factors, such 
as cytokines and chemokines17. Once within the tumor, 
neutrophils can undergo polarization into either N1 or 
N2 states based on interactions with local signaling 
molecules. N1 neutrophils are generally considered to 
be beneficial for antitumor immunity. They exhibit pro-
inflammatory characteristics, produce reactive oxygen 
species (ROS), secrete cytokines like interferon-gamma 
(IFN-γ), and enhance T cell and natural killer (NK) cell 
activity18,19. These features make N1 neutrophils 
effective at directly killing tumor cells and promoting 
tumor clearance. In contrast, N2 neutrophils promote 
tumor growth by inducing immune suppression, 
facilitating angiogenesis, and promoting metastasis. 
They are often associated with poor prognosis in breast 
cancer and resistance to therapies15,20. 

The polarization of neutrophils in the TME is not a static 
process but rather is influenced by the dynamic 
interactions between the tumor, immune cells, and the 
extracellular matrix. Factors such as cytokines (e.g., 
interleukins, tumor necrosis factor-alpha), growth 
factors (e.g., vascular endothelial growth factor), and the 
presence of specific metabolic conditions (such as 
hypoxia) all contribute to the polarization of 
neutrophils21. For instance, tumor cells often secrete 
interleukin-8 (IL-8) and granulocyte-colony stimulating 
factor (G-CSF), which can shift neutrophils toward an 
N2 phenotype. On the other hand, factors such as IFN-γ 
and GM-CSF promote N1 polarization. The intricate 
balance between these signaling factors in the TME 
largely determines the functional state of neutrophils 

and their role in supporting or inhibiting breast cancer 
progression2,23. Neutrophil polarization within the TME 
also interacts with other immune cells, such as 
macrophages, dendritic cells, and T cells. For example, 
N2 neutrophils can interact with tumor-associated 
macrophages (TAMs) to create an immunosuppressive 
environment that facilitates tumor growth. In contrast, 
N1 neutrophils work in concert with activated T cells 
and NK cells to enhance antitumor immune responses24. 
This cross-talk between neutrophils and other immune 
cells is a critical factor in shaping the immune landscape 
of the tumor and ultimately influences the outcome of 
cancer treatment. Moreover, tumor-associated 
neutrophils can further influence the metabolic and 
immune properties of the TME by modulating the 
secretion of cytokines, growth factors, and other 
immune modulators25. 

The ability of tumors to modulate neutrophil 
polarization in their favor represents a significant 
challenge in cancer therapy. In breast cancer, an 
overwhelming presence of N2 neutrophils within the 
TME has been correlated with poor prognosis, increased 
metastasis, and resistance to conventional treatments 
such as chemotherapy and immunotherapy. In contrast, 
promoting N1 neutrophil polarization within the TME 
could potentially improve the efficacy of current 
therapeutic strategies26. Recent studies have explored 
therapeutic approaches aimed at shifting the neutrophil 
balance from the N2 to the N1 phenotype, thereby 
enhancing the immune response against the tumor and 
improving treatment outcomes. However, the 
complexity of the TME and the plasticity of neutrophil 
polarization pose significant challenges in developing 
such targeted therapies26. Furthermore, neutrophil 
polarization is not only influenced by tumor-derived 
signals but also by the systemic immune environment, 
including the presence of inflammatory cytokines and 
metabolic stress. For instance, chronic inflammation 
and increased production of cytokines such as IL-6 can 
further drive the polarization toward the N2 phenotype, 
exacerbating the immune suppression within the TME27. 
Therefore, strategies that aim to not only target tumor-
derived factors but also modulate systemic 
inflammatory pathways are needed to achieve a more 
effective therapeutic outcome. This comprehensive 
approach could offer novel ways to enhance neutrophil-
mediated antitumor immunity and improve the 
response to existing therapies in breast cancer. 

N1 and N2 Neutrophils in Breast Cancer 
Progression 

Neutrophils, the most abundant type of white blood 
cells, play a critical role in the body’s immune response. 
Their involvement in the tumor microenvironment 
(TME) is multifaceted, with their polarization into 
different phenotypes, namely N1 and N2, influencing 
tumor progression in both protective and destructive 
ways. The classification of neutrophils into N1 and N2 
subtypes stems from their functional properties and 
their responses to the tumor microenvironment28,29. 
While N1 neutrophils exhibit antitumor properties, N2 
neutrophils are associated with tumor promotion. The 
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balance between these two types is pivotal in 
determining the progression or suppression of breast 
cancer29. 

N1 Neutrophils and Antitumor Immunity 

N1 neutrophils are generally considered to be the 
“antitumor” phenotype, associated with an immune 
response that targets and eliminates tumor cells30,31. 
These neutrophils typically express high levels of pro-
inflammatory cytokines, including tumor necrosis 
factor-alpha (TNF-α), interleukin-12 (IL-12), and 
interferon-gamma (IFN-γ), which help activate T cells, 
natural killer (NK) cells, and other immune components 
essential for tumor destruction. N1 neutrophils also 
generate reactive oxygen species (ROS) and release 
cytotoxic granules that can directly damage cancer 
cells30. Their antitumor activity is further enhanced by 
their ability to present tumor antigens and influence 
adaptive immune responses. Studies have shown that 
higher levels of N1 neutrophils in the TME are linked to 
better clinical outcomes and a more robust antitumor 
response in breast cancer patients. However, the ability 
of N1 neutrophils to effectively combat breast cancer is 
often influenced by the complexity of the TME, which 
can induce polarization toward the protumor N2 
phenotype. Despite their potential, N1 neutrophils are 
typically short-lived in the TME due to the 
immunosuppressive factors secreted by tumor cells. 
This results in a dynamic shift in the balance between 
N1 and N2 neutrophils, influencing the trajectory of 
breast cancer progression31. 

N2 Neutrophils and Tumor Promotion 

In contrast to N1 neutrophils, N2 neutrophils contribute 
to tumor progression and metastasis. These neutrophils 
are associated with the promotion of chronic 
inflammation, immune suppression, and tissue 
remodeling, all of which create a favorable 
microenvironment for tumorgrowth and spread32. N2 
neutrophils produce immunosuppressive cytokines 
such as interleukin-10 (IL-10) and transforming growth 
factor-beta (TGF-β), which inhibit the function of 
cytotoxic T cells, NK cells, and dendritic cells. 
Furthermore, they secrete proteases and pro-angiogenic 
factors such as vascular endothelial growth factor 
(VEGF), promoting tumor angiogenesis and facilitating 
metastasis. The shift toward N2 polarization in the TME 
is often driven by factors such as hypoxia, the presence 
of specific cytokines like granulocyte-colony stimulating 
factor (G-CSF), and tumor-associated macrophages 
(TAMs)33. These factors collectively contribute to an 
environment where N2 neutrophils outnumber their N1 
counterparts, leading to enhanced tumor progression, 
immune evasion, and resistance to therapies. High 
numbers of N2 neutrophils are often associated with 
poor prognosis, metastasis, and chemoresistance in 
breast cancer patients34. 

The Tumor Microenvironment and Neutrophil 
Polarization 

The TME plays a crucial role in dictating the polarization 
of neutrophils into either N1 or N2 phenotypes. Tumor 

cells and stromal cells, through the secretion of 
cytokines, growth factors, and extracellular matrix 
remodeling enzymes, create an immunosuppressive and 
pro-inflammatory environment that influences 
neutrophil behavior35. For example, the release of IL-8, 
G-CSF, and VEGF by tumor cells can promote N2 
polarization, while IFN-γ and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) are known to 
support N1 polarization. Additionally, factors such as 
hypoxia, oxidative stress, and metabolic changes within 
the TME further contribute to the dynamic shift 
between N1 and N2 phenotypes12,35,66. This polarization 
process is not a static event, but rather a continual 
reprogramming that can be influenced by various 
therapeutic interventions. Chemotherapy, radiation, and 
immunotherapy can impact the polarization state of 
neutrophils in the TME15,26,29. For instance, while 
chemotherapy may lead to an influx of neutrophils, the 
treatment’s effects on the TME can shift neutrophil 
polarization toward the N2 phenotype, promoting 
resistance. Therefore, understanding how neutrophil 
polarization shifts in response to these treatments is 
crucial for optimizing therapeutic strategies aimed at 
reversing the immunosuppressive effects of N2 
neutrophils37. 

Impact on Breast Cancer Progression 

The polarization of neutrophils toward either N1 or N2 
phenotypes has significant implications for the 
progression of breast cancer. In early stages, the 
antitumor properties of N1 neutrophils help to limit 
tumor growth and metastasis1-7,38. However, as the 
tumor progresses, the TME often becomes more 
immunosuppressive, leading to a shift toward N2 
neutrophils, which contribute to tumor growth, immune 
evasion, and metastasis. N2 neutrophils not only 
enhance tumor progression by secreting pro-angiogenic 
and immunosuppressive factors but also help create a 
niche for tumor cells to invade surrounding tissues and 
migrate to distant organs39. The presence of N2 
neutrophils has been linked to increased metastatic 
potential, poor prognosis, and resistance to 
conventional therapies. As such, tumors with a high 
proportion of N2 neutrophils tend to be more 
aggressive, leading to worse clinical outcomes40,41. 
Studies have suggested that N2 neutrophils may also 
promote chemoresistance by altering the drug 
metabolism pathways or by creating a protective tumor 
niche that reduces drug efficacy. Therefore, the dynamic 
balance between N1 and N2 neutrophils in breast 
cancer is a critical determinant of tumor aggressiveness, 
metastasis, and patient survival37-39. 

Predictive Value of Neutrophil Polarization for 
Treatment Outcomes in Breast Cancer 

Neutrophil polarization, which refers to the 
differentiation of neutrophils into two distinct 
phenotypes (N1 and N2), is emerging as an important 
factor influencing breast cancer progression and 
treatment outcomes40. The tumor microenvironment 
(TME) plays a crucial role in dictating the polarization of 
neutrophils, with N1 neutrophils generally exerting 
antitumor effects and N2 neutrophils promoting tumor 
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progression, immune evasion, and metastasis. The shift 
between these two neutrophil phenotypes can influence 
how the tumor responds to various treatment 
strategies, making neutrophil polarization a valuable 
biomarker for predicting therapeutic efficacy and 
patient prognosis41,42. 

Impact on Chemotherapy Response 

Chemotherapy remains one of the most common 
treatment modalities for breast cancer, but its 
effectiveness is often limited by tumor heterogeneity, 
resistance mechanisms, and the immunosuppressive 
TME43. Studies have shown that the polarization of 
neutrophils plays a significant role in modulating 
chemotherapy response. Tumors with a higher 
proportion of N1 neutrophils tend to respond better to 
chemotherapy, as N1 neutrophils facilitate the 
activation of cytotoxic T cells and the induction of 
antitumor immune responses44. On the other hand, an 
N2-dominant neutrophil population in the TME is often 
associated with chemotherapy resistance, as N2 
neutrophils can promote an immunosuppressive 
environment that limits the effectiveness of 
chemotherapeutic agents44,45. The relationship between 
N2 neutrophils and chemotherapy resistance is 
particularly evident in breast cancer subtypes such as 
triple-negative breast cancer (TNBC), which is known 
for its aggressive behavior and poor prognosis46,47,49. In 
these cases, the presence of N2 neutrophils can enhance 
tumor survival and migration by secreting cytokines 
and growth factors that support immune evasion and 
metastatic potential. Targeting the N2 phenotype, either 
by blocking their recruitment or polarizing them 
towards the N1 phenotype, could be a promising 
strategy to enhance the efficacy of chemotherapy48. 

Influence on Immunotherapy Outcomes 

Immunotherapy, including immune checkpoint 
inhibitors (ICIs) and immune-modulatory therapies, is a 
promising treatment approach for certain breast cancer 
subtypes. However, the response to immunotherapy can 
be highly variable, and understanding the factors that 
influence treatment success is critical19-23,30. Neutrophil 
polarization is one such factor that can impact the 
outcome of immunotherapy. N1 neutrophils are known 
to promote antitumor immunity through the activation 
of immune cells such as cytotoxic T cells and NK cells. 
Therefore, a TME with a higher proportion of N1 
neutrophils may enhance the effectiveness of 
immunotherapy by reinforcing the immune system's 
ability to recognize and attack tumor cells49. Conversely, 
N2 neutrophils in the TME are often associated with the 
suppression of immune responses, which can hinder the 
activity of immunotherapies. By secreting 
immunosuppressive cytokines like IL-10 and TGF-β, N2 
neutrophils inhibit the function of cytotoxic T cells and 
NK cells, creating an environment where tumor cells can 
evade immune surveillance29,50,53. This highlights the 
potential for using neutrophil polarization as a 
predictive marker for immunotherapy outcomes. 
Manipulating neutrophil polarization to increase the 
number of N1 neutrophils or reduce the activity of N2 

neutrophils may improve the response to immune 
checkpoint inhibitors and other immunotherapies52. 

Neutrophil Polarization and Targeted 
Therapies 

Targeted therapies, which are designed to specifically 
target molecular alterations in cancer cells, are 
becoming increasingly important in the treatment of 
breast cancer. The predictive value of neutrophil 
polarization extends to these therapies as well. For 
example, tumors with a high proportion of N1 
neutrophils may be more responsive to targeted 
therapies that enhance the immune response, such as 
monoclonal antibodies that activate the immune system 
or therapies that promote the recruitment of immune 
cells to the tumor site53,57. In contrast, tumors with a 
predominance of N2 neutrophils may be less responsive 
to such treatments due to the suppressive effects of N2 
neutrophils on immune cell function. The predictive 
value of neutrophil polarization in targeted therapy 
outcomes has particular relevance in breast cancer 
subtypes such as HER2-positive breast cancer. HER2-
targeted therapies like trastuzumab have shown 
significant efficacy, but the presence of 
immunosuppressive N2 neutrophils can undermine the 
effectiveness of these therapies by limiting immune 
activation54. Therefore, strategies to modulate 
neutrophil polarization, such as combining HER2-
targeted therapies with agents that promote N1 
neutrophil polarization, could enhance the overall 
therapeutic response and improve patient outcomes. 

Neutrophil Polarization as a Biomarker for 
Prognosis 

Beyond its role in predicting treatment outcomes, 
neutrophil polarization also holds promise as a 
prognostic biomarker in breast cancer. Studies have 
shown that tumors with a higher percentage of N1 
neutrophils are associated with a better prognosis, as 
these cells are more likely to elicit an effective immune 
response that controls tumor growth and metastasis. In 
contrast, tumors with a predominance of N2 neutrophils 
are often linked to worse clinical outcomes, including 
increased metastatic potential, tumor recurrence, and 
chemoresistance55,56. The ability to assess neutrophil 
polarization in breast cancer patients could provide 
valuable insights into disease prognosis and help guide 
treatment decisions. For example, patients with a high 
N2-to-N1 ratio may benefit from therapies that target 
the immune microenvironment, such as 
immunotherapies or agents that promote the 
reprogramming of N2 neutrophils into N1 
neutrophils56,57. Conversely, patients with a more 
favorable N1 neutrophil profile may have a better 
prognosis and may respond more favorably to standard 
treatment approaches. 

Therapeutic Strategies to Modulate Neutrophil 
Polarization in Breast Cancer 

The modulation of neutrophil polarization from the 
immunosuppressive N2 phenotype to the antitumor N1 
phenotype presents an innovative approach to 
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enhancing breast cancer treatment. As neutrophils play 
a pivotal role in the tumor microenvironment (TME), 
influencing immune responses, tumor growth, and 
metastasis, strategies to shift neutrophil polarization 
can potentially improve therapeutic outcomes8,57. The 
ability to manipulate neutrophils to favor a more 
favorable N1 phenotype, which promotes antitumor 
immunity, offers a promising avenue for enhancing 
cancer therapies, particularly in conjunction with 
traditional treatments such as chemotherapy, 
immunotherapy, and targeted therapies13.26. Below are 
some potential therapeutic strategies aimed at 
modulating neutrophil polarization in breast cancer. 

1. Cytokine Modulation 

Cytokines are key regulators of neutrophil polarization, 
and their manipulation can direct neutrophils toward 
either the N1 or N2 phenotype. For example, cytokines 
such as IL-12 and IFN-γ are known to favor the 
polarization of neutrophils toward the N1 phenotype, 
which enhances antitumor immune responses. These 
cytokines activate neutrophils to secrete pro-
inflammatory molecules and engage other immune cells, 
such as T cells and natural killer (NK) cells, in the fight 
against tumor cells44,45. Conversely, cytokines like IL-10 
and TGF-β promote the N2 phenotype, which is 
immunosuppressive and can contribute to tumor 
progression and metastasis. Therapeutic strategies that 
involve the administration of cytokines like IL-12 or 
IFN-γ could encourage the recruitment and activation of 
N1 neutrophils in the TME, leading to enhanced tumor 
cell killing. Additionally, neutralizing or blocking N2-
polarizing cytokines such as IL-10 and TGF-β could help 
reduce the immunosuppressive effects of N2 
neutrophils, thereby improving the efficacy of other 
cancer therapies12,27. 

2. Targeting Neutrophil Chemoattractants 

Neutrophil migration to the tumor site is facilitated by 
chemoattractants, such as chemokines and growth 
factors, which play a key role in regulating neutrophil 
polarization within the TME. For instance, CXCL8 (IL-8) 
is a well-known chemokine that attracts neutrophils to 
the tumor and has been implicated in the induction of 
the N2 phenotype10,51. Strategies aimed at blocking or 
neutralizing the activity of chemoattractants like CXCL8 
can limit the recruitment of neutrophils to the tumor 
site or alter the balance of N1 to N2 polarization. This 
could potentially decrease the number of N2 
neutrophils, thus reducing their immunosuppressive 
effect, and allow for the expansion of N1 neutrophils 
that support antitumor immunity. Targeting specific 
chemokine receptors, such as CXCR2 (the receptor for 
CXCL8), is a promising therapeutic approach. Inhibition 
of CXCR2 can prevent the recruitment of N2 neutrophils, 
enhance N1 polarization, and improve the overall 
immune response against the tumor16,53. 

3. Modulation of the Tumor Microenvironment 
(TME) 

The TME significantly influences neutrophil 
polarization. In breast cancer, the presence of tumour-
associated macrophages (TAMs), regulatory T cells 

(Tregs), and other immune cells contribute to a pro-
tumour, immunosuppressive environment that favors 
the development of N2 neutrophils. Strategies to alter 
the TME to reduce immune suppression and promote a 
more pro-inflammatory, immune-activating 
environment can help shift the balance towards N1 
neutrophil polarisation31,49. One approach to modifying 
the TME is the use of agents that target immune-
suppressive cells, such as TAMs and Tregs. For example, 
the inhibition of TAMs using agents like CSF1R 
inhibitors can reduce the immunosuppressive effects 
within the TME and facilitate the recruitment of N1 
neutrophils. Similarly, the depletion of Tregs, which 
inhibit immune responses, could allow for a more 
robust activation of N1 neutrophils32-35. 

4. Neutrophil Reprogramming 

A promising approach to modulating neutrophil 
polarization involves directly reprogramming 
neutrophils from the N2 phenotype to the N1 
phenotype. This can be achieved through the use of 
small molecules or antibodies that influence key 
signaling pathways involved in neutrophil activation 
and polarization. For example, targeting the Akt/mTOR 
signaling pathway has been shown to regulate 
neutrophil activation, and pharmacological agents that 
modulate this pathway could favor the N1 polarization 
of neutrophils36,44. Similarly, inhibiting the suppressive 
effects of molecules such as PD-1 or CTLA-4 on immune 
cells, including neutrophils, can enhance antitumor 
responses and promote N1 neutrophil activity. Gene-
editing technologies, such as CRISPR-Cas9, may also 
provide a novel means of reprogramming neutrophils at 
the molecular level to enhance their N1 phenotype. By 
targeting key regulatory genes involved in neutrophil 
polarization, these technologies have the potential to 
shift neutrophils toward a more antitumor state53-57. 

5. Combination with Immunotherapy 

The combination of neutrophil modulation with existing 
immunotherapies, such as immune checkpoint 
inhibitors (ICIs), offers an exciting strategy for 
enhancing breast cancer treatment. Immune checkpoint 
inhibitors like anti-PD-1 and anti-CTLA-4 antibodies 
work by blocking inhibitory signals that prevent T cells 
from attacking cancer cells1-4,38. However, their 
effectiveness can be limited by the immunosuppressive 
TME, which is often characterized by a high presence of 
N2 neutrophils. By combining ICIs with strategies that 
promote N1 neutrophil polarization, it may be possible 
to enhance the overall antitumor immune response and 
improve patient outcomes39. Furthermore, the 
combination of neutrophil modulation with other 
immunotherapeutic agents, such as monoclonal 
antibodies or cancer vaccines, could create a more 
comprehensive immune activation, improving the 
efficacy of treatment and potentially overcoming 
resistance mechanisms. 

6. Use of Nanoparticles and Drug Delivery Systems 

Nanotechnology has revolutionized the way therapeutic 
agents are delivered to the TME. Nanoparticles designed 
to carry cytokines, chemokines, or small molecule 
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inhibitors can be used to selectively target and 
modulate neutrophil polarization40. For instance, 
nanoparticles loaded with pro-inflammatory cytokines 
like IL-12 or IFN-γ could be used to directly deliver 
these molecules to the tumor, promoting N1 neutrophil 
polarization and enhancing antitumor immunity. 
Conversely, nanoparticles could be engineered to 
deliver inhibitors that block the N2-promoting 
cytokines or signaling pathways, helping to shift the 
neutrophil population toward a more beneficial N1 
phenotype41,57. Additionally, the use of liposomes and 
other drug delivery systems can improve the specificity 
and efficiency of neutrophil-targeted therapies, 
reducing off-target effects and minimizing potential 
toxicity. 

7. Dietary and Lifestyle Interventions 

Emerging evidence suggests that dietary and lifestyle 
factors may also influence neutrophil polarization. For 
example, the consumption of certain nutrients, such as 
omega-3 fatty acids, has been linked to the promotion of 
N1 neutrophil activity, while a high-fat diet may favor 
N2 polarization23,46. As such, dietary interventions 
aimed at promoting N1 polarization could provide an 
adjunctive therapy to conventional cancer treatments. 
Incorporating lifestyle changes, such as exercise and 
stress reduction, could further help in modulating the 
immune system and enhancing neutrophil-mediated 
tumor control. These interventions, while still under 
investigation, present a novel and non-invasive means 
of supporting cancer therapy50,55. 

Conclusion 

The polarization of neutrophils within the tumor 
microenvironment plays a crucial role in shaping the 
immune response and influencing the progression of 
breast cancer. N1 neutrophils, with their antitumor 
properties, offer a promising target for therapeutic 
strategies aimed at enhancing the body's immune 
defense against cancer. However, the presence of 
immunosuppressive N2 neutrophils complicates the 
tumor microenvironment, contributing to tumor 
growth, metastasis, and resistance to treatment. 
Therefore, shifting the balance towards N1 neutrophils 
could significantly improve the efficacy of breast cancer 
therapies. Several therapeutic approaches, such as 
cytokine modulation, targeting neutrophil 
chemoattractants, and reprogramming neutrophils, 
show potential in altering neutrophil polarization in 
favor of antitumor immunity. Additionally, combining 
these strategies with immunotherapies and other 
treatment modalities, like chemotherapy, may further 
enhance the overall immune response. However, 
challenges such as the complexity of the tumor 
microenvironment, the heterogeneity of neutrophils, 
and the need for more specific and targeted 
interventions remain significant barriers. 
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