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1 Introduction

NETosis is a regulated cell death pathway primarily used by neutrophils to eliminate
abnormal cells and pathogens, including bacteria, protozoa, fungi, and viruses, via
neutrophil extracellular traps (NETs) production (1). Extracellular trap (ET) structure
consists of DNA, chromatin, histones, granules, cytosolic and antimicrobial proteins
produced against pathogens that can be formed by neutrophils (NETs), macrophages
(METs), eosinophils (EETs), mast cells (MCETs), and basophils (BETs) involved in the
antimicrobial response, thrombosis, diabetes, sepsis, immune regulation, cardiac function,
cancer progression, metastasis, and chemoresistance (2). NETs are the first discovered ones
released by activated neutrophils, comprising 50-70% of all white blood cells, and
considered the first line of defense against pathogens, inflammation, cancer cells, and
environmental exposures. Neutrophils regulate innate and adaptive immune systems,
where activated neutrophils eliminate abnormal cells and pathogens via three major
pathways: NETosis via NET formation, phagocytosis, and the release of cytotoxic
enzymes called degranulation (3, 4).

NETosis was first described by Takoma et al. in 1996 (2) and characterized in detail by
Brinkman et al. in 2004 (3). NETosis is triggered via various signals and pathways including
elevated intracellular calcium levels via B2 integrin, increased reactive oxygen species (ROS)
levels, membrane surface receptors such as CD18, toll-like receptor 1 (TLR1), phorbol
myristate acetate (PMA), nucleotide oligomerization domain (NOD)-like receptor 2,
intracellular signaling cascades including SYK-PI3K-mTorc2 AND Raf-MEK-ERK-MAP
kinase, cytokines and chemokines (IL-1, IL-18, TNF), changes in the pH, presence of
bacterial toxins and proteins such as lipopolysaccharides (LPS) (5). NETosis is categorized
into suicidal and vital NETosis depending on whether neutrophil integrity and function are
preserved. Vital NETosis is independent of NADPH oxidase (NOX), in which neutrophils
remain vital and take approximately 30 minutes. It is triggered by complement proteins,
pathogens, and activated platelets via activation of TLR-2, TLR-4, and complement
receptor 3 (CR3) that leads to activation of peptidyl arginine deiminase-4 (PAD4)
enzyme involved in the chromatin decondensation (6). After activation, PAD4 enters the
nucleus, triggering citrullinated H3 (CitH3) to activate chromatin decondensation. CitH3 is
a biomarker associated with NETosis, NET production, venous thromboembolism, and
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mortality risk. Since NETSs are released via exocytosis externally,
cells remain intact without membrane rupture in the vital
NETosis (7).

On the other hand, suicidal NETosis is a regulated/programmed
cell death pathway having distinctive properties from different cell
death pathways such as apoptosis, ferroptosis, pyroptosis, or
necroptosis (8). It is a NOX-regulated pathway mainly depending
on ROS production and is triggered by IL6/8, pathogens, cholesterol
crystals, antibodies, and TNF-o. via cytokine, TLR, and Fc receptors.
After activation, the endoplasmic reticulum (ER) releases stored
Ca™ into the cytoplasm, activating NOX via the protein kinase C
(PKC)/Raf/MEK/ERK pathway. Moreover, calcium ions are
involved in the PAD4 structure as a cofactor, and activated PAD4
enters the nucleus to trigger chromatin decondensation (5,7, 9). On
the other hand, NOX-induced ROS production starts neutrophil
elastase (NE) and myeloperoxidase (MPO) via degrading
cytoplasmic granules, and they migrate to the nucleus, leading to
the chromatin decondensation via triggering of CitH3.
Furthermore, mitochondrial ROS can also activate NOX-
dependent NETosis via increased intracellular Ca®* levels.
Triggering of intracellular Ca®* release, PAD4, and ChitH3
activation are common features of both vital and suicidal
NETosis (7, 10).

The NET formation can be evaluated by the detection of
NETosis markers, including PAD4, CitH3, MPO, NE, ROS,
modified histones (H2A/H2B), and NOX via enzyme-linked
immunosorbent assay (ELISA), fluorescence microscopy, electron
microscopy, western blot, live imaging, flow cytometry, and
multispectral image flow cytometer (MIFC) (11). Neutrophils and
neutrophil-associated factors such as NETs and tumor tumor-
associated neutrophils (TANs) are involved in the initiation,
progression, metastasis, poor prognosis, and resistance to
treatment in various cancers, including hematological
malignancies. However, the impact and role of NETosis on
hematological cancers as a therapeutic target have not been
studied widely until now. In this opinion paper, we aim to
highlight the possible effects of NETosis on hematological
malignancies, including leukemia, lymphoma, and myeloma, as a
promising therapeutic target, predictive and progressive marker (6-
8, 10).

2 The role of the tumor-associated
neutrophils and NETosis on cancer
progression, metastasis,

and chemoresistance

Neutrophils are the primary cell type responding to the innate
immune response considered major hallmarks of acute
inflammation. Neutrophils are short-lived immune cells in the
blood with approximately 7 hours of half-life; however, they can
survive five or more days in the tumor microenvironment (TME)
(12). Neutrophils play a significant role in cancer initiation,
progression, metastasis, and resistance to treatment in different
types of cancers, including lung, ovarian, blood, pancreas, breast,
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and colon. The TME consists of various cell types, including
adaptive cells (T and B cells), innate immune cells (macrophages,
neutrophils, dendritic cells (DCs), natural killer (NK) cells,
myeloid-derived suppressor cells (MDSCs)), stromal cells
(fibroblasts, pericytes, and mesenchymal stromal cells) and
extracellular matrix (ECM) cells (12, 13). After synthesis and
maturation in the bone marrow, neutrophils are released into the
blood and recruited to the infection or tumor sites. Neutrophils are
recruited and infiltrated into the tumors, called TAN, divided into
two groups, N1 and N2. NI represents an anti-tumor phenotype
associated with high expression of TNF-o,, intercellular adhesion
molecule 1 (ICAM-1), and chemokine ligand 2 (CCL2) (12-14). On
the other hand, N2 represents a tumor-promoting effect associated
with elevated levels of CCL2, CCL3, CCL4, CCLS8, CCL12, CCL17,
chemokine ligand 1 (CXCL1), CXCL2, CXCL16 and interleukin 8
(IL-8) and induced NETosis (12).

N1 and N2 can trigger NETosis and enhanced NETosis, and
factors released from tumors induce N1 to N2 phenotype
transformation. The N1 phenotype is mainly found at the early
stages of carcinogenesis; however, the N2 phenotype is observed at
late and metastatic stages of cancer, addressing the importance of
communication between the neutrophils and tumor
microenvironment (15). NETosis promotes cell growth,
proliferation, thrombosis, EMT, angiogenesis, metastasis,
migration, invasion, tumor aggressiveness, and chemoresistance
in cancer cells, including lymphoma, myeloma, and leukemia (7,
9). Neutrophil-induced ROS attacks lipids, proteins, and DNA,
resulting in mutations contributing to cancer initiation,
progression, and metastasis (16, 17). Also, ROS triggers the
production of vascular endothelial growth factor (VEGF) and
macrophage migration inhibition factor (MIF), which are
involved in cancer progression and chemoresistance (18).
Neutrophil-induced ROS causes inflammation and endothelial
damage involved in cancer progression and metastasis. ROS
molecules such as hydrogen peroxide (H,O,) act as messengers
that regulate cell signaling pathways, including MAPK/Erk1/2,
PI3K/Akt, and IKK/NF-xB, which are involved in cancer
progression (13, 15, 18).

Neutrophils in the TME produce various types of chemokines
and cytokines such as oncostatin M, hepatocyte growth factor
(HGF), transforming growth factor B (TGF-B), CCL4, CXCLS,
117, BV8, CXCL8, VEGF-A, TNF-0, CCL2, CCL3, VEGF, IL-18,
granulocyte-colony stimulating factor (G-CSF), IL-6, IL-10, IL-1f,
CCL17, CCL9 and prokineticin 2 contributing to the cancer
initiation, progression, immunosuppression angiogenesis,
invasion, and metastasis due to their pro-tumor properties (19).
On the other hand, neutrophil granules consist of different
proteases, including NE, matrix metalloprotease 9 (MMP-9), and
cathepsin G (CG) regulating EMT, ECM remodeling,
chemoresistance, and NETosis that contribute to the cancer
progression and metastasis. Activated neutrophils and TANs in
the tumor microenvironment produce NET's consisting of histone
proteins, myeloperoxidase, NE, MMP-9, CG, and chromatin (18,
19). NETs induce cancer cell proliferation directly via proteases
found in NET structure or indirectly by activating cell signaling
pathways such as NF-gB. Also, NETs can enable dormant cancer
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cells, such as breast and hematological cancers, to be awakened and
activated. On the other hand, cancer cells can be captured by
neutrophils, and NETs allow the tumor to metastasize to different
tissues. Since elevated serum levels of NETs have been found in
almost all cancers, NETs are considered potential therapeutic
targets and prognostic markers. In conclusion, NETosis plays a
vital role in cancer initiation, progression, metastasis,
chemoresistance, and prognosis, making it a possible therapeutic
approach to treat various cancers, including hematological
malignancies (14, 19, 20).

3 Discussion

Hematological malignancies, including lymphoma, myeloma,
and leukemia, are a critical cause of death worldwide, and their
incidence is increasing; therefore, new therapy approaches have
been investigated worldwide (4). Neutrophils and neutrophils-
associated conditions such as NETs have been reported in a few
studies; however, the impact of NETosis has not been widely
studied in hematological malignancies regarding molecular and
therapeutical aspects, unlike solid tumors (17). NETs contribute
to tumor growth, metastasis, thrombosis, poor prognosis, invasion,
migration, evasion, and chemoresistance in hematological
malignancies, and NET formation significantly increased in
lymphoma, leukemia, and myeloma cancers (21). Also, NETSs
trigger dormant hematological malignancies to be awakened
leading to cancer initiation. On the other hand, thrombosis is the
second most common cause of death in tumor-affected individuals,
and increased NET induces thrombosis in patients having
hematological malignancies. Moreover, neutrophils of individuals
with hematological malignancies have an increased capacity to
produce NETs compared to healthy subjects (22).

Multiple myeloma is a plasma cell cancer mainly located in the
bone marrow, and it is still untreatable with a 50% 5-year survival
rate. Interaction between bone marrow TME and multiple myeloma
cells determines resistance and progression of the disease. Myeloma
cells trigger NETosis, whereas inhibition of PAD4 exhibited anti-
tumor effects on the multiple myeloma mouse model. On the other
hand, the inhibition of NET prolonged the survival time of the mice
with multiple myeloma (5, 22). Zhao et al. reported a NET-related
risk score to predict prognosis and to characterize the TME in
multiple myeloma. Neutrophils, lymphocytes, and macrophages
exert NET activity in multiple myeloma patients and several
genes, including E3 ubiquitin-protein ligase 125 (RNF125),
nucleophosmin 1 (NPM1), cysteine-rich intestinal protein 1
(CRIP1), histone H1.2 (HIST1HI1C), S100 calcium-binding
protein A6 (S100A6), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and meiotic double-stranded break formation protein 1
(MEI1), MGAT4A have been associated with high risk for
progression, metastasis and chemoresistance in MM patients (23).
NETosis causes chemoresistance against doxorubicin and
melphalan in multiple myeloma; however, no detailed study
addresses the exact mechanism and components of NETosis
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regarding multiple myeloma pathogenesis in the literature (8).
Lymphoma is the most common hematological malignancy
affecting the lymphatic system. It is divided into two main
groups: Hodgkin Lymphoma represents 10% of all cases, whereas
non-Hodgkin Lymphoma accounts for 90% of all lymphoma cases.
According to a study, the interaction of NETs with CD5+ B cells
triggers the transition of autoimmunity to lymphoma (24). Diffuse
large B-cell lymphoma (DLBCL) accounts for 30% of non-Hodgkin
Lymphomas, and increased NET levels are associated with
progression and poor survival of DLBCL patients. On the other
hand, DLBCL-induced IL-8-induced tumor progression via
activation of TLR9 and inhibition of IL-8 or TLR9 suppress
tumor progression (25). Moreover, TANs promote DLBCL
growth and survival via sustained BAFF/APRIL pathway
activation and NF-xB-dependent manner, respectively (26).

Leukemia generally begins in the bone marrow, producing
abnormal white blood cells that are not fully developed. Four
main types of leukemia have been reported: acute lymphoblastic
leukemia (ALL), acute myeloid leukemia (AML), chronic
lymphocytic leukemia (CLL), and chronic myeloid leukemia
(CML). Acute leukemias are characterized by the aberrant
proliferation of the malignant progenitor cells and represent
altered neutrophil function and reduced NET formation
associated with thrombosis and secondary immunodeficiencies
(27). On the other hand, CLL results from the accumulation of
clonal CD5" B cells in lymphoid tissues, blood, and bone marrow.
Neutrophils derived from CLL patients have increased capacity for
NETosis and significantly increased levels of IL-8, TNFo., IL-1f3,
and HMGBL1 (28). CML results from the BCR-ABLI fusion gene
and neutrophils of CML patients showed increased capacity NET
production along with PAD4, ROS, and CitH3 associated with
disease severity, thrombosis, and chemoresistance (29). On the
other hand, increased DNA methylation triggers NETosis in
human promyelocytic leukemia (APL) cells in vitro (30).

The role of NETosis and the effects of its inhibitors have not
been widely studied in hematological malignancies, unlike solid
tumors. A few studies as mentioned above have reported that NET
has been implicated with cancer initiation, progression, and
chemoresistance in hematological cancers, including myeloma,
leukemia, and lymphoma; however, the exact mechanism of
NETosis and its inhibition as a possible target have not been fully
elucidated (8). Several molecules inhibiting NETosis, including
hydroxychloroquine, methotrexate, prednisolone, rituximab,
belimumab, tocilizumab, Cl-amidine, rapamycin, lapatinib, and
bosutinib have been reported in the literature. Indicated
inhibitors have not been tested on NETosis widely by using in
vitro, in vivo, and humans associated with molecular aspects of
inhibitory pathways (9). Furthermore, novel molecules and
nanoparticles can be developed to treat hematological
malignancies via targeting NETosis. On the other hand, reduced
NETosis has been associated with an increased risk of
immunosuppression, reduced immune response, and mortality
in patients with hematological malignancies. Thus, drug
formulations, enzymes, or nanotechnological tools targeting
NETosis should be developed to minimize side effects such as
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immunosuppression or infections by evaluating heterogeneous
patterns of hematological malignancies.
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