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These neutrophils promote the recruitment of other
immune cells to the tumor site and participate in the
elimination of tumor cells, thus contributing to the
suppression of tumor growth. In contrast, N2
neutrophils are associated with the "alternatively
activated" phenotype and exhibit immunosuppressive
functions.8® These neutrophils are involved in creating a
pro-tumorigenic environment by secreting anti-
inflammatory cytokines, promoting angiogenesis, and
supporting metastasis.10

Introduction

Neutrophils, as the most abundant type of white blood
cell in the human body, are crucial players in the
immune response and have garnered significant
attention in cancer research.'These cells are
traditionally associated with combating infections
through phagocytosis, the release of antimicrobial
agents, and the formation of neutrophil extracellular
traps (NETs).2 However, their role in cancer,
particularly in breast cancer, extends far beyond these

classical functions. Neutrophils are found in large The transition between N1 and N2 polarization is

numbers in the tumour microenvironment (TME),
where they exhibit a dual role, either promoting tumour
progression or aiding in immune-mediated tumour
suppression. This review focuses on the two distinct
polarization states of neutrophils in breast cancer—N1
and N2—and their impact on tumourbehaviour,
progression, and therapy response.3* Neutrophil
polarization refers to the ability of neutrophils to adopt
different functional phenotypes in response to various
signals from the TME.5 N1 neutrophils are considered
the ‘“classically activated" phenotype and are
characterized by their ability to produce pro-
inflammatory cytokines, reactive oxygen species (ROS),
and cytotoxic molecules that exert antitumor effects.67
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governed by complex signaling pathways and factors
present in the TME. Tumor cells and stromal cells
produce cytokines, growth factors, and extracellular
matrix components that influence neutrophil
recruitment, activation, and polarization. For example,
cytokines such as IL-12, IFN-y, and GM-CSF promote N1
polarization, while factors like IL-10, TGF-3, and VEGF
are known to drive N2 polarization. Additionally,
hypoxia, which is common in rapidly growing tumours,
can also influence neutrophil behavior and
polarization.1! Understanding the molecular
mechanisms that regulate neutrophil polarization is
critical for developing strategies to manipulate these
cells in a way that favourstumor suppression rather
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than tumor promotion.1213 The impact of neutrophil
polarization on breast cancer progression has profound
implications for patient prognosis and therapeutic
outcomes. A higher proportion of N1 neutrophils in the
TME has been linked to improved clinical outcomes, as
these cells help eliminate cancer cells and reduce
metastasis.14! On the other hand, an abundance of N2
neutrophils correlates with tumor progression, poor
prognosis, and resistance to therapy. N2 neutrophils
contribute to an immunosuppressive microenvironment
that hinders the activity of cytotoxic T cells, natural
killer cells, and other immune effector cells.
Furthermore, N2 neutrophils facilitate the creation of
pre-metastatic niches and promote angiogenesis, which
is essential for tumor growth and the spread of cancer
cells to distant organs.153

Recent studies have highlighted the potential of
targeting neutrophils to improve breast cancer
treatment.16 Therapeutic strategies that enhance the
antitumor activity of N1 neutrophils or reprogram N2
neutrophils into an N1-like state may provide a novel
avenue for cancer therapy. One potential strategy is the
use of cytokines or small molecules that can skew
neutrophil polarization toward the N1 phenotype,
thereby enhancing the immune response against the
tumor.1718 Conversely, inhibiting the signals that
promote N2 polarization or neutralizing the
immunosuppressive  factors produced by N2
neutrophils could prevent tumor progression and
improve the effectiveness of current therapies,
including chemotherapy, immunotherapy, and targeted
therapies.1® Moreover, the dynamic nature of neutrophil
polarization in the TME poses challenges in the
development of targeted therapies.2021 The plasticity of
neutrophils, the heterogeneous nature of tumors, and
the complex interactions between neutrophils and other
immune cells contribute to the difficulty in identifying
therapeutic windows for modulating neutrophil
function. Additionally, neutrophils in different stages of
cancer or in response to specific therapies may adopt
different polarization states, further complicating the
clinical application of neutrophil-targeting
strategies.?213

Aim

The aim of this review is to comprehensively explore
the role of N1 and N2 neutrophils in the tumor
microenvironment (TME) of breast cancer, with a

particular focus on their mechanisms of polarization,
clinical relevance, and therapeutic potential.

Rationale

Neutrophils are critical components of the immune
system and play an essential role in the tumor
microenvironment (TME), where they can either
promote or inhibit tumor progression depending on
their polarization state.16 In the context of breast cancer,
neutrophils exhibit a complex duality: N1 neutrophils
typically exert antitumor activity by activating immune
responses and directly attacking tumor cells, while N2
neutrophils are often associated with pro-tumor
functions, including immune suppression, promoting

ISSN: 2394-8973

International Journal of Medical Sciences and Pharma Research. 2025;11(2):1-11

angiogenesis, and facilitating metastasis.23This dual role
makes neutrophils a key target for therapeutic
interventions aimed at reprogramming their function to
improve cancer treatment outcomes.?* Given that
neutrophils can significantly influence the effectiveness
of therapies such as chemotherapy, targeted treatments,
and immunotherapy, understanding how their
polarization contributes to cancer progression is vital
for identifying new therapeutic strategies.?> The
potential to manipulate neutrophil polarization—either
by enhancing N1 activity or reprogramming N2
neutrophils to a more antitumor phenotype—presents
an innovative approach to cancer immunotherapy.
Additionally, the development of biomarkers to assess
neutrophil polarization could enable personalized
therapeutic strategies and improve treatment efficacy.26
This review is thus crucial in synthesizing current
knowledge about the molecular mechanisms driving
neutrophil polarization in breast cancer, the clinical
implications of their behavior in the TME, and the
therapeutic potential of modulating these immune
cells.?2713 By bridging the gap between basic
immunology and clinical oncology, this review aims to
provide insights that can guide the development of
novel immunotherapies to improve breast cancer
treatment outcomes.28:24

Review Methodology

This review was conducted through a systematic
approach, synthesizing relevant literature on the role of
neutrophils, specifically N1 and N2 phenotypes, in
breast cancer. The methodology involved an extensive
search and selection of peer-reviewed articles from
multiple scientific databases such as PubMed, Scopus,
and Google Scholar. 2%17We focused on studies
published in the last decade to ensure the inclusion of
the most recent and relevant findings on neutrophil
polarization, mechanisms, and their implications for
breast cancer therapy.3° The selection process involved
the use of specific keywords such as "N1 neutrophils,”
"N2 neutrophils,” "tumor microenvironment," "breast
cancer,” "neutrophil polarization,” and "cancer
immunotherapy.”3! Only articles that provided insights
into the molecular pathways of neutrophil polarization,
their role in breast cancer progression, and their
potential therapeutic implications were included. We
excluded studies that were not focused on breast cancer
or did not address the role of neutrophils in the tumor
microenvironment.32 Additionally, research articles
discussing  neutrophil-targeting  therapies, both
experimental and clinical, were carefully evaluated for
their relevance to the therapeutic potential of
neutrophil modulation in cancer treatment.33

Neutrophil Polarization in Breast Cancer

Neutrophils, as a key component of the innate immune
system, exhibit remarkable plasticity in response to the
signals within the tumor microenvironment (TME).34
This plasticity allows them to adopt different functional
phenotypes, known as polarization states, which play a
pivotal role in cancer progression. In the context of
breast cancer, neutrophils can polarize into two distinct
subtypes—N1 and N2 neutrophils—each with unique
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characteristics and effects on tumor development.3>
Understanding the polarization of neutrophils and the
mechanisms driving this process is critical to unraveling
their contributions to breast cancer progression and
therapy response.3® N1 neutrophils, often referred to as
the "classically activated" phenotype, exhibit pro-
inflammatory and antitumor properties.37-38 These cells
are characterized by the production of reactive oxygen
species (ROS), pro-inflammatory cytokines, and
cytotoxic molecules, such as tumor necrosis factor
(TNF)-a and interleukin (IL)-12, which can directly kill
cancer cells.38 N1 neutrophils can also recruit and
activate other immune cells, such as T lymphocytes and
natural killer (NK) cells, thereby enhancing the overall
immune response against the tumor. This polarization
state is generally considered to have antitumor effects,
contributing to tumor regression and preventing
metastasis. Furthermore, N1 neutrophils help shape an
immune environment that is hostile to cancer cell
survival, providing a protective mechanism against
tumor progression.3® In contrast, N2 neutrophils
represent the "alternatively activated" phenotype,
which promotes tumor progression and metastasis. N2
neutrophils are immunosuppressive, secreting anti-
inflammatory cytokines like IL-10 and transforming
growth factor-beta (TGF-), which dampen the immune
response.40 They also facilitate tumor growth by
promoting angiogenesis, tissue remodeling, and
immune evasion. These cells contribute to the
establishment of a pro-tumorigenic microenvironment
that supports cancer cell survival, proliferation, and
dissemination. N2 neutrophils are particularly
implicated in the creation of pre-metastatic niches,
which enhance the ability of cancer cells to migrate and
colonize distant organs. The presence of a high number
of N2 neutrophils in the TME is often associated with
poor prognosis, chemotherapy resistance, and worse
clinical outcomes.*!

The polarization of neutrophils into either the N1 or N2
phenotype is influenced by a combination of intrinsic
and extrinsic factors within the TME. Cytokines and
growth factors released by tumor cells, stromal cells,
and other immune cells are critical regulators of
neutrophil polarization.#2 For example, cytokines such
as IL-12, interferon-gamma (IFN-y), and granulocyte-
macrophage colony-stimulating factor (GM-CSF)
promote N1 polarization, while factors such as IL-10,
TGF-B, and vascular endothelial growth factor (VEGF)
favor N2 polarization.#3 Additionally, environmental
factors like hypoxia, metabolic changes, and
extracellular matrix components contribute to the
polarization process. This complex interplay of signals
determines whether neutrophils adopt an antitumor or
pro-tumor phenotype, influencing tumor growth and
metastasis.#¢ The polarization of neutrophils in the
breast cancer TME has significant implications for
tumor progression. As N1 neutrophils exhibit antitumor
activity, their presence is generally associated with a
better prognosis and improved response to therapies.
On the other hand, an increased abundance of N2
neutrophils is linked to tumor progression, immune
suppression, and resistance to treatment.4> The balance
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between N1 and N2 neutrophils may therefore serve as
a predictor of breast cancer aggressiveness, metastasis,
and response to treatment. Furthermore, the dynamic
nature of neutrophil polarization suggests that the TME
is constantly influencing and shaping the immune
landscape, which may change throughout disease
progression or in response to therapeutic
interventions.46

Role of N1 Neutrophils in Antitumor Immunity

N1 neutrophils, also referred to as "classically activated"
neutrophils, are integral components of the innate
immune system with potent antitumor properties.
These neutrophils play a crucial role in initiating and
sustaining antitumor immune responses through a
variety of mechanisms, ultimately contributing to tumor
suppression. Their role in antitumor immunity has been
highlighted in various studies, emphasizing their ability
to modulate both the immune microenvironment and
directly target cancer cells.4748

Mechanisms of N1 Neutrophil Antitumor
Activity

The antitumor effects of N1 neutrophils primarily arise
from their ability to generate reactive oxygen species
(ROS), release pro-inflammatory cytokines, and induce
direct cytotoxicity against tumor cells. One of the
defining features of N1 neutrophils is their potent ROS
production, which is toxic to cancer cells.#8 This
oxidative burst can induce apoptosis or necrosis of
malignant cells, thereby reducing tumor growth.
Additionally, N1 neutrophils produce cytokines such as
tumor necrosis factor-alpha (TNF-a) and interleukin
(IL)-12, which not only enhance their own cytotoxicity
but also activate other immune cells, including T
lymphocytes and natural killer (NK) cells, in the TME.
This coordinated immune response amplifies the
antitumor immune surveillance, making N1 neutrophils
essential players in tumor control.#® Moreover, N1
neutrophils can promote the recruitment of other
immune cells to the TME through the secretion of
chemokines like CXCL8 and CCL2, which act as signals to
attract T cells, dendritic cells, and NK cells. The
interaction between these immune cells and N1
neutrophils further strengthens the overall immune
response against the tumor.5 By fostering a T cell-
mediated immune response, N1 neutrophils contribute
to the establishment of a protective immune network
that limits tumor escape mechanisms and hinders
cancer progression. Their ability to collaborate with
other immune effectors highlights the importance of N1
neutrophils in orchestrating a multifaceted immune
response against breast cancer.5!

N1 Neutrophils in Tumor Regression and
Prevention of Metastasis

In addition to direct tumor cell killing, N1 neutrophils
contribute to tumor regression by inhibiting
angiogenesis and preventing the formation of pre-
metastatic niches. N1 neutrophils express high levels of
angiostatic factors such as thrombospondin-1, which
inhibit the growth of blood vessels that are essential for
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tumor survival and expansion. By preventing
angiogenesis, N1 neutrophils limit the tumor's ability to
sustain its metabolic demands, thereby restricting its
growth. Furthermore, N1 neutrophils can modulate the
extracellular matrix (ECM) environment through the
production of matrix metalloproteinases (MMPs), which
help to degrade the ECM and limit cancer cell invasion
into surrounding tissues.’213 This action is vital in
preventing cancer cell dissemination and metastasis,
particularly in early-stage tumors. Another significant
aspect of N1 neutrophil function is their role in fostering
immune surveillance during the early stages of
tumorigenesis. They can contribute to the detection and
elimination of nascent cancer cells before they
accumulate mutations or proliferate into clinically
detectable tumors. This proactive surveillance
mechanism further supports the notion that N1
neutrophils are crucial for early tumordefense and
maintaining immune homeostasis within the TME. The
ability of N1 neutrophils to limit both local tumor
growth and metastasis underscores their importance as
a potent antitumor immune cell subset.>3

Clinical Relevance of N1 Neutrophils in Breast
Cancer

The clinical relevance of N1 neutrophils in breast cancer
is becoming increasingly recognized. Studies have
shown that the presence of N1 neutrophils in the TME
correlates with a favorable prognosis and better
therapeutic responses, particularly in immunotherapy
and chemotherapy. The ability to mobilize or enhance
the function of N1 neutrophils could offer a promising
strategy for improving outcomes in patients with breast
cancer, especially in those with high metastatic potential
or resistant tumors.>* Moreover, N1 neutrophils have
been implicated in the response to targeted therapies,
such as those involving immune checkpoint inhibitors,
as they can modulate the immune response to enhance
the efficacy of these therapies. However, the therapeutic
manipulation of N1 neutrophils in clinical settings
remains complex. A better understanding of the factors
that drive neutrophil polarization and their interactions
with other immune and stromal cells in the TME is
essential to harness their full therapeutic potential.
Strategies aimed at enhancing N1 neutrophil function,
such as cytokine-based therapies, or inhibiting
pathways that drive N2 polarization (which induces an
immunosuppressive TME), may offer novel avenues for
boosting antitumor immunity. 55While these approaches
hold promise, further preclinical and clinical studies are
required to refine strategies that effectively exploit N1
neutrophils as therapeutic agents in breast cancer
management.56

Role of N2 Neutrophils in Tumor Progression

N2 neutrophils, also referred to as "alternatively
activated" neutrophils, are a subset of neutrophils that,
in contrast to their N1 counterparts, tend to promote
tumor progression rather than tumor suppression.
Their polarization is driven by signals within the tumor
microenvironment (TME), including cytokines like IL-4,
IL-10, and TGF-B, which lead to a shift towards an
immunosuppressive phenotype. These N2 neutrophils
ISSN: 2394-8973
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are involved in various processes that facilitate tumor
growth, metastasis, and immune evasion, making them
key players in the progression of cancer.5’

Mechanisms of N2 Neutrophil-Mediated Tumor
Progression

N2 neutrophils promote tumor progression primarily
through their ability to suppress effective antitumor
immunity and enhance tumor cell survival. One of the
primary ways N2 neutrophils contribute to cancer
progression is by secreting immunosuppressive
cytokines such as IL-10 and TGF-B, which inhibit the
activation of cytotoxic T cells and NK cells. These
cytokines create an immunosuppressive
microenvironment that allows tumor cells to escape
immune surveillance and proliferate unchecked. N2
neutrophils can also suppress dendritic cell function,
impairing antigen presentation and further hindering
the ability of the immune system to mount a robust
antitumor response.’® Moreover, N2 neutrophils
support tumor growth by promoting angiogenesis—the
formation of new blood vessels to supply the growing
tumor. They produce factors such as vascular
endothelial growth factor (VEGF), which stimulates
endothelial cell proliferation and blood vessel
formation. This angiogenesis not only provides the
tumor with the oxygen and nutrients it requires but also
facilitates the dissemination of cancer cells into the
bloodstream, supporting metastasis. Additionally, N2
neutrophils are involved in remodeling the extracellular
matrix (ECM) by secreting matrix metalloproteinases
(MMPs). This degradation of the ECM allows tumor cells
to invade surrounding tissues, making it easier for them
to migrate to distant organs and establish secondary
tumors.>?

Impact of N2 Neutrophils on Tumor Immunity

N2 neutrophils play a significant role in shaping the
immune landscape of the TME in a way that supports
tumor progression. They are often found in large
numbers in tumors with high metastatic potential,
correlating with poor prognosis in several cancers,
including breast cancer. By secreting pro-tumor factors,
N2 neutrophils contribute to immune evasion
mechanisms such as the induction of regulatory T cells
(Tregs) and the inhibition of effector T cell activity. This
immunosuppressive role is crucial for tumors to avoid
immune detection and destruction, thus facilitating
tumor progression.t® N2 neutrophils also contribute to
the creation of a permissive environment for tumor cell
invasion and metastasis. The secretion of MMPs and the
induction of ECM remodeling enhance tumor -cell
motility and invasion, enabling the cancer cells to
breach the basement membrane and spread to distant
tissues. Moreover, N2 neutrophils may help tumor cells
to evade apoptosis, thus contributing to the survival of
malignant cells in the face of immune and therapeutic
interventions. Through these mechanisms, N2
neutrophils facilitate the spread of breast cancer to
distant organs, making them key contributors to
metastasis.t!
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Therapeutic Targeting of N2 Neutrophils in
Cancer

Given their role in supporting tumor progression and
metastasis, N2 neutrophils represent a potential
therapeutic target for combating cancer. Strategies
aimed at modulating the polarization of neutrophils
from the immunosuppressive N2 phenotype to the
tumor-suppressive N1 phenotype have gained attention
in recent years. Various approaches, including the use of
cytokine inhibitors, immune checkpoint blockade, and
small molecules, are being explored to disrupt the pro-
tumor activities of N2 neutrophils. For example,
targeting TGF-$ signaling pathways or IL-10 could
reduce the immunosuppressive effects of N2
neutrophils and enhance the effectiveness of existing
therapies, including immune checkpoint inhibitors and
chemotherapy. In addition to direct modulation of N2
neutrophil polarization, strategies aimed at reducing the
recruitment and infiltration of N2 neutrophils into the
TME are also under investigation.®2 By blocking the
chemokines and receptors that attract N2 neutrophils,
such as CXCR2 and CCL2, it may be possible to limit
their contribution to tumor progression and metastasis.
Combining these strategies with other
immunotherapeutic approaches could result in a more
robust and effective treatment for breast cancer
patients, particularly those with advanced or metastatic
disease.®3

Mechanisms Driving N1 and N2 Neutrophil
Polarization

Neutrophils exhibit remarkable plasticity, which allows
them to polarize into distinct subtypes in response to
signals within their environment. The polarization of
neutrophils into N1 or N2 phenotypes is a complex,
multifactorial process influenced by cytokines, signaling
molecules, and interactions with other immune and
tumor cells. These two polarized states, N1 and N2, have
distinct functional roles in the immune response,
particularly in cancer, where they can either promote
tumor suppression (N1) or tumor progression (N2).64

1. Polarizing Signals for N1 Neutrophils

N1 neutrophils, often described as pro-inflammatory or
antitumorigenic, are typically induced by cytokines and
signals that promote a classical immune activation. Key
polarizing factors for N1 neutrophils include interferon-
gamma (IFN-y), tumor necrosis factor-alpha (TNF-a),
granulocyte-macrophage colony-stimulating factor (GM-
CSF), and lipopolysaccharides (LPS). These factors
trigger the activation of signaling pathways, such as the
JAK-STAT pathway, which lead to the upregulation of
pro-inflammatory cytokines like IL-12, TNF-a, and
reactive oxygen species (ROS). These N1 neutrophils are
characterized by their ability to produce pro-
inflammatory cytokines and chemokines that promote
immune activation, recruitment of other immune cells,
and direct cytotoxicity against tumor cells.5 Upon
activation, N1 neutrophils exhibit increased phagocytic
activity and can directly kill tumor cells via the release
of reactive oxygen species (ROS), degranulation, and the
production of proteolytic enzymes. Additionally, N1
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neutrophils promote the recruitment of effector T cells
and natural Kkiller (NK) cells to the tumor
microenvironment (TME), contributing to enhanced
antitumor immunity. They also activate antigen-
presenting cells (APCs), facilitating an adaptive immune
response against tumor cells. N1 neutrophils' ability to
induce the release of pro-inflammatory cytokines and
chemokines further enhances the immune response,
creating an environment that is hostile to cancer cell
survival.6566

2. Polarizing Signals for N2 Neutrophils

In contrast, N2 neutrophils, which are often associated
with immune suppression and tumor progression, are
driven by cytokines that favor an anti-inflammatory and
tissue-repair environment. The key signals that drive N2
polarization include IL-4, IL-10, and TGF-B. These
cytokines, particularly IL-4 and IL-10, are commonly
produced by tumor cells, regulatory T cells (Tregs), and
myeloid-derived suppressor cells (MDSCs) in the tumor
microenvironment. These cytokines activate pathways
such as the STAT6 pathway (induced by IL-4) and SMAD
signaling (mediated by TGF-B), which induce a shift
towards the N2 phenotype.6” N2 neutrophils typically
exhibit immunosuppressive functions that aid in tumor
progression. Rather than promoting an inflammatory
immune response, they secrete cytokines like IL-10 and
TGF-B, which inhibit the activity of cytotoxic T
lymphocytes (CTLs) and natural killer (NK) cells. These
cytokines help create a microenvironment that
suppresses effective antitumor immunity and supports
tumor survival. In addition, N2 neutrophils promote
angiogenesis through the secretion of vascular
endothelial growth factor (VEGF), and they express
matrix metalloproteinases (MMPs), which degrade the
extracellular matrix (ECM), facilitating tumor invasion
and metastasis.¢8

3. Crosstalk Between Tumor Cells and Neutrophils

The polarization of neutrophils into either the N1 or N2
phenotype is not a one-way process. Tumor cells can
actively influence neutrophil polarization through direct
cell-cell interactions and the secretion of soluble factors.
In the TME, tumor cells often produce chemokines such
as CXCL1 and CXCL8, which recruit neutrophils to the
tumor site. These signals can drive neutrophil
polarization towards the N2 phenotype by interacting
with CXCR2, a receptor expressed by neutrophils.
Additionally, tumor-derived exosomes and
microvesicles can transfer immunosuppressive
molecules to neutrophils, further promoting their N2
polarization and supporting tumor growth.%® The
immune cells present in the TME, such as regulatory T
cells (Tregs) and MDSCs, also play a significant role in
inducing N2 polarization. Tregs, in particular, secrete IL-
10 and TGF-B, which can influence neutrophil
differentiation and function, pushing them toward an
N2 phenotype. This immunosuppressive environment
hampers the recruitment and function of antitumor
immune cells, such as cytotoxic T cells and NK cells,
thereby facilitating the immune evasion of tumor cells.”?
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4. Molecular Pathways Governing Neutrophil
Polarization

The polarization of neutrophils into either N1 or N2
subsets is tightly regulated by intracellular signaling
pathways. The NF-kB pathway, which is activated in
response to inflammatory cytokines such as TNF-a and
IL-1, is crucial for the activation of N1 neutrophils and
the production of pro-inflammatory cytokines. On the
other hand, the PI3K/Akt pathway, activated by IL-4 and
IL-10, plays a pivotal role in promoting N2 polarization
and the secretion of immunosuppressive cytokines. The
JAK/STAT signaling pathways are also central to the
regulation of neutrophil polarization, with STAT1 and
STAT3 driving N1 and N2 polarization, respectively.”!
These signaling networks ensure that neutrophils
respond appropriately to the changing conditions in the
tumor microenvironment. However, when these
pathways are dysregulated, they can contribute to
tumor progression by fostering an environment that
supports immune evasion, tissue remodeling, and
metastasis. Therefore, understanding the molecular
mechanisms that regulate neutrophil polarization could
provide valuable insights into developing novel
therapeutic strategies that aim to manipulate neutrophil
function in cancer.”?

Clinical Relevance of N1 and N2 Neutrophils in
Breast Cancer

Neutrophils play a pivotal role in the tumor
microenvironment (TME) of breast cancer, with their
polarization into N1 and N2 subsets having significant
implications for tumor progression, immune response,
and treatment outcomes. The clinical relevance of these
two neutrophil subsets lies in their contrasting
functions—N1 neutrophils generally promote antitumor
immunity, while N2 neutrophils are associated with
immune suppression and tumor progression.
Understanding the mechanisms that drive N1 and N2
polarization and their impact on clinical outcomes has
become crucial for developing more targeted and
effective therapies for breast cancer patients.”3

1. N1 Neutrophils and Their Antitumor Effects

N1 neutrophils exhibit pro-inflammatory and
antitumorigenic  properties. They are typically
associated with the suppression of tumor growth and
the promotion of a robust immune response. These
neutrophils are activated by cytokines such as
interferon-gamma (IFN-y) and tumor necrosis factor-
alpha (TNF-a), leading to the production of reactive
oxygen species (ROS), pro-inflammatory cytokines, and
the recruitment of other immune cells such as cytotoxic
T cells and natural Killer (NK) cells. Clinically, the
presence of N1 neutrophils within the TME correlates
with a favorable prognosis in breast cancer, as these
cells contribute to the effective recognition and
elimination of cancer cells. N1 neutrophils also
stimulate the activity of antigen-presenting cells (APCs),
which further enhances the adaptive immune response
and supports tumor eradication. Therefore, the ability
to increase N1 neutrophil function in the TME may be an
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important therapeutic strategy for improving treatment
outcomes in breast cancer.’+

2. N2 Neutrophils and Their Role in Tumor
Progression

Conversely, N2 neutrophils are predominantly
associated with immune suppression and tumor
progression. These cells are activated by cytokines such
as interleukin-4 (IL-4), IL-10, and transforming growth
factor-beta (TGF-f3), which promote anti-inflammatory
responses and tissue remodeling. N2 neutrophils
secrete immunosuppressive cytokines, such as IL-10
and TGF-f, that inhibit the cytotoxic activity of T cells
and NK cells, ultimately allowing the tumor to evade
immune surveillance. Furthermore, N2 neutrophils
promote metastasis by secreting matrix
metalloproteinases (MMPs), which degrade the
extracellular matrix, facilitating tumor cell migration
and invasion.”s Clinically, high levels of N2 neutrophils
in the TME are often associated with poor prognosis,
higher tumor stage, and reduced survival in breast
cancer patients. The presence of N2 neutrophils
contributes to a more immunosuppressive
environment, making it difficult for the body’s immune
system to mount an effective defense against the
tumor.”6

3. Implications for Treatment Response and
Prognosis

The balance between N1 and N2 neutrophils in the TME
has profound implications for the treatment response
and prognosis of breast cancer patients. A higher
proportion of N1 neutrophils is generally associated
with a better response to immunotherapies, such as
checkpoint inhibitors or cancer vaccines, due to their
ability to promote a more robust antitumor immune
response. In contrast, a shift toward N2 polarization can
limit the efficacy of such therapies, as N2 neutrophils
actively suppress immune function and promote tumor
progression. Furthermore, therapies that target the
mechanisms driving N2 polarization, such as inhibiting
cytokine signaling (e.g, IL-4, IL-10, or TGF-B) or
neutralizing immunosuppressive factors, may enhance
the effectiveness of existing cancer treatments and
improve patient outcomes.’’” The clinical relevance of
N1 and N2 neutrophils extends beyond their role in
immune modulation. The levels and polarization state of
neutrophils can serve as potential biomarkers for
patient prognosis and treatment monitoring. For
instance, an increase in N1 neutrophils could be
indicative of a favorable response to immune-based
therapies, while a predominance of N2 neutrophils may
suggest the need for strategies that counteract immune
suppression and promote a more inflammatory tumor
environment. Thus, assessing neutrophil polarization
status in breast cancer patients may offer valuable
insights for personalized treatment strategies and
better management of the disease.”8

Therapeutic Potential of Targeting Neutrophil
Polarization in Breast Cancer

Neutrophil polarization into distinct subsets, primarily
N1 and N2 neutrophils, has emerged as a critical
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determinant in shaping the immune landscape of breast
cancer. While N1 neutrophils are associated with tumor
suppression and antitumor immunity, N2 neutrophils
play a role in immune suppression, tumor progression,
and metastasis. Given their pivotal functions in the
tumor microenvironment (TME), targeting neutrophil
polarization presents a promising strategy for
enhancing cancer therapy. By modulating the balance
between N1 and N2 neutrophils, therapeutic
interventions could improve the efficacy of existing
treatments, reduce metastasis, and overcome immune
resistance in breast cancer.”?

1. Enhancing Antitumor Activity of N1 Neutrophils

One of the most attractive therapeutic approaches for
breast cancer involves enhancing the activity and
accumulation of N1 neutrophils in the TME. These cells
are capable of promoting antitumor immunity through
the secretion of pro-inflammatory cytokines,
recruitment of cytotoxic immune cells (e.g.,, T cells and
NK cells), and direct cytotoxic activity against tumor
cells. Strategies to enhance N1 neutrophil function
might include the use of cytokines such as interferon-
gamma (IFN-y), granulocyte-macrophage colony-
stimulating factor (GM-CSF), or toll-like receptor (TLR)
agonists.8? These approaches could activate N1
neutrophils to secrete pro-inflammatory cytokines and
increase their cytotoxic potential, thus promoting a
more favorabletumor immune environment.
Additionally, direct modulation of neutrophil
recruitment to the tumor site through chemokine
receptor agonists, such as CXCR2 ligands, could further
bolster N1 neutrophil numbers and function, amplifying
their antitumor effects. Another promising strategy
involves leveraging immune checkpoint inhibitors to
unleash the full potential of N1 neutrophils. Immune
checkpoint blockade, which has shown success in
various cancers, could be combined with therapies that
stimulate N1 polarization to create a powerful
synergistic effect. By inhibiting checkpoint molecules
like PD-1 or CTLA-4, these treatments would not only
increase T cell activity but could also enhance the
effectiveness of N1 neutrophils in combating the tumor.
This dual approach could improve overall therapeutic
outcomes and provide a more effective strategy to
overcome the immunosuppressive tumor
microenvironment in breast cancer.8!

2. Reprogramming N2 Neutrophils to N1 Phenotype

In contrast to promoting N1 polarization, another
approach is to reprogram N2 neutrophils to adopt an
antitumor N1 phenotype. N2 neutrophils are typically
activated by immunosuppressive cytokines such as IL-4,
IL-10, and TGF-B, which contribute to a tumor-
promoting environment. These cells not only suppress T
cell function but also promote angiogenesis and
metastasis by releasing matrix metalloproteinases
(MMPs). Reversing this polarization by targeting the
signaling pathways that drive N2 differentiation could
significantly = reduce tumor  progression and
metastasis.8? Several molecular targets hold promise in
reprogramming N2 neutrophils. For example, inhibiting
IL-4 or IL-13 signaling could prevent the induction of N2
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polarization, while the use of TGF-$ inhibitors could
block the immunosuppressive effects of N2 neutrophils.
Additionally, small molecules or antibodies that target
specific transcription factors, such as STAT6, could
modulate the differentiation of neutrophils from an N2
to an N1 phenotype. By reprogramming N2 neutrophils,
it may be possible to enhance their pro-inflammatory,
antitumor activity and restore immune surveillance,
ultimately leading to improved tumor control and
reduced metastasis.83

3. Targeting Immune

Suppression

While enhancing N1 neutrophil activity and
reprogramming N2 neutrophils hold significant
promise, it is also essential to directly target the
immune-suppressive mechanisms mediated by N2
neutrophils. These cells contribute to tumor progression
through the secretion of immunosuppressive cytokines
(e.g, IL-10, TGF-B) and the inhibition of cytotoxic T
lymphocytes and NK cells. One potential therapeutic
strategy involves neutralizing these cytokines or
blocking their signaling pathways to prevent N2
neutrophils from creating a tolerogenic environment
that promotes immune evasion. For example, TGF-8
inhibitors, such as fresolimumab, have been shown to
suppress tumor-promoting activities and enhance
antitumor  immunity in  preclinical models.8
Additionally, targeting the chemokine receptors and
adhesion molecules that drive N2 neutrophil infiltration
into the tumor could limit their immunosuppressive
functions. Chemokine receptor antagonists, such as
those targeting CCR2, could reduce the recruitment of
N2 neutrophils to the tumor site, thus decreasing their
contribution to immune suppression. In combination
with other therapies, such as checkpoint inhibitors or
anti-cancer antibodies, targeting N2 neutrophil
trafficking  could synergize to reduce the
immunosuppressive influence of the TME and enhance
therapeutic outcomes.85

Neutrophil-Mediated

4. Combination Therapies Involving Neutrophil
Modulation

The therapeutic potential of targeting neutrophil
polarization extends beyond single-agent therapies.
Combination strategies that incorporate neutrophil
modulation with other cancer treatments, such as
chemotherapy, radiation therapy, and immune
checkpoint inhibitors, could have synergistic effects. For
instance, chemotherapy drugs like cyclophosphamide
have been shown to modulate the TME by depleting
immunosuppressive  cells and enhancing the
recruitment of immune effector cells, including N1
neutrophils. When used in combination with N1-
enhancing therapies, chemotherapy could improve the
tumor's susceptibility to immune-mediated clearance.8¢
Moreover, the combination of neutrophil-targeted
therapies with immune checkpoint inhibitors could help
overcome resistance mechanisms that limit the efficacy
of checkpoint blockade alone. By reprogramming N2
neutrophils and enhancing N1 neutrophil function
simultaneously, this combination approach could
significantly improve the tumor response, reduce
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metastasis, and promote long-term immune memory,
leading to durable clinical outcomes.8”

Conclusion

Neutrophils, with their ability to polarize into distinct
N1 and N2 phenotypes, play a pivotal role in shaping the
tumor microenvironment (TME) and influencing the
progression of breast cancer. While N1 neutrophils
contribute to antitumor immunity by promoting
inflammation, enhancing immune cell activity, and
directly attacking tumor cells, N2 neutrophils have a
more complex role in supporting tumor progression,
metastasis, and immune suppression. Understanding
the molecular mechanisms driving the polarization of
neutrophils and their functional effects in the TME is
crucial for developing novel therapeutic strategies.

Targeting neutrophil polarization, by either enhancing
N1 neutrophil activity or reprogramming N2
neutrophils into an N1-like state, holds significant
therapeutic potential. These approaches can help
reshape the TME into a more immunogenic
environment, enhance the efficacy of immunotherapies,
and reduce tumor metastasis. However, challenges
remain in overcoming the complexity of neutrophil
behavior within the TME, where factors such as
cytokine milieu and tumour-specific characteristics can
influence neutrophil polarization and function.
Additionally, the need for precise strategies to modulate
neutrophil activity without eliciting unwanted side
effects presents an ongoing challenge in the clinical
translation of these approaches.
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