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Abstract

Neutrophil extracellular trap (NET) release is an innate immune process involving chromatin
extrusion that has been linked to hypertension and associated vascular and kidney injury.
However, reliance on endpoint measurements limits mechanistic insight into NETosis regulation
and dynamics. To address this, we developed a live-cell imaging assay and semi-automated,
CellProfiler-based analysis pipeline for high-throughput quantification of NETosis progression.
This pipeline enables single-cell feature extraction and machine-learning—based classification of
NETosis stages, allowing quantitative assessment of stimulus- and dose-dependent NETosis
dynamics. The approach was validated in neutrophil-differentiated HL-60 cells and primary
mouse bone marrow neutrophils and reliably captured responses to common NETosis inducers
and pharmacological inhibitors.

We applied this pipeline to an angiotensin II (Ang II)-induced model of hypertension to examine
NETosis dynamics across bone marrow and kidney neutrophil compartments. In parallel, the
contribution of NETs to renal immune cell recruitment and kidney injury was assessed in Ang
II-treated Padi4’ mice. Although NETs did not accumulate in the kidney and did not contribute
to blood pressure elevation or overt kidney injury in this model, temporal single-cell analysis
revealed stage-specific alterations in NETosis dynamics in male bone marrow and kidney
neutrophils, suggesting altered neutrophil priming originating in the bone marrow that does not
translate to tissue injury in this context.

Given the established link between NETs and endothelial injury, we next examined the
transcriptional response of HUVECs treated with HL-60—derived NETs using bulk RNA
sequencing. Pathway and gene set enrichment analyses revealed suppression of G2/M cell cycle
regulators alongside upregulation of inflammatory pathways, consistent with activation of a
senescence-associated transcriptional program, as supported by Human Universal Senescence
Index (hUSI) scoring. Markers of G2/M arrest and senescence were further evaluated in NET-
treated HUVECS, with variable support across assays. Together, these findings indicate that NET
exposure induces an early senescence-like transcriptional response that precedes, but does not

yet manifest as, stable cell cycle exit and bona fide senescence after 24 hours.
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Chapter 1

General Introduction



1.1 Neutrophils

1.1.1 Origin and Maturation of Neutrophils
Neutrophils are terminally differentiated granulocytes that constitute the predominant

population of circulating leukocytes and serve as frontline effectors of the innate immune system
(1,2). Their rapid activation and short response time positions them as central players in
coordinating ensuing immune responses by modulating both innate and adaptive immunity (1).

Neutrophils are generated in the bone marrow through granulopoiesis, a tightly regulated
process that produces approximately 10'! cells per day (2). During granulopoiesis, neutrophils
arise from hematopoietic stem cells that differentiate into multipotent progenitors and
subsequently into lymphoid-primed multipotent progenitors. Under the control of granulocyte
colony-stimulating factor (G-CSF), cells then commit to the granulocytic lineage, developing
into myeloblasts that begin to form neutrophil-specific granules. Neutrophil maturation then
progresses through the promyelocyte, myelocyte, metamyelocyte, band cell, and mature
neutrophil stages (Fig. 1.1), each defined by the acquisition of distinct granule subsets. The final
compartment to form is the secretory vesicle pool, which enables neutrophil activation and
adhesion, marking the transition to a fully mature, functional neutrophil (2).

Neutrophil release into the circulation is governed by the C-X-C motif chemokine
receptor 4 (CXCR4)- C-X-C motif chemokine ligand 12 (CXCL12) axis. Decreased CXCR4
expression on maturing neutrophils and increased CXCL12 expression by surrounding
osteoblasts and stromal cells facilitate their egress from the bone marrow (1,2). Elevated levels
of G-CSF further promote neutrophil release by downregulating CXCR4 on neutrophils thereby

disrupting the CXCR4-CXCL12 interaction (3,4).
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Figure 1.1: Stages of neutrophil development during granulopoiesis.

Schematic representation of granulopoiesis, depicting progression from early myeloid progenitors through myeloblast,
promyelocyte, myelocyte, metamyelocyte, band cell, and terminally differentiated segmented neutrophils. Maturation
occurs under the influence of granulocyte colony-stimulating factor (G-CSF) and is accompanied by nuclear remodeling and

segmentation, increased cytoplasmic granularity, and acquisition of neutrophil effector functions.




Beyond the bone marrow, neutrophil subpopulations are also found in peripheral tissues such as
the lungs, spleen, liver and lymph nodes, enabling rapid antimicrobial response upon tissue
injury or infection (2).

1.1.2 Effector Functions of Neutrophils

Neutrophils are equipped with an arsenal of intracellular granules that perform diverse
functions in the antimicrobial response (5,6). The tightly regulated activation of these granules
enables neutrophils to execute key effector functions, including phagocytosis, degranulation and
the release of neutrophil extracellular traps (NETs) (2). Given their many functions, neutrophil
phenotypes are highly heterogenous and can adapt at sites of injury or infection to execute
specific tasks and modulate the immune response accordingly (2).

The diverse intracellular granules, which store a wide array of enzymes, antimicrobial
peptides, and membrane receptors, define the neutrophil’s effector potential and enable rapid
adaptation to distinct inflammatory environments. Based on their molecular composition and the
timing of formation during granulopoiesis, these granules are classified into four main types:
azurophilic (primary), specific (secondary), gelatinase (tertiary), and secretory vesicles (6,7).
Notably, these granules are mobilized in the reverse order of their formation during neutrophil
activation, allowing a graded release of effector components in response to escalating
inflammatory stimuli (5,8).

Secretory vesicles, the smallest and most readily exocytosed granules, supply membrane-
associated receptors essential for endothelial adhesion and directed migration (9,10). Their rapid
mobilization during activation is triggered by the leukocyte adhesion cascade, which guides
neutrophils to the sites of injury and inflammation (11). E- and P-selectins, adhesion receptors
expressed on activated endothelial cells (ECs), bind to glycoprotein ligands on neutrophils,

mediating transient rolling interactions along the vessel wall (12). This is followed by firm



adhesion through integrins binding to intercellular adhesion molecule-1 (ICAM-1) and
intercellular adhesion molecule-2 (ICAM-2) on ECs, a critical step that precedes neutrophil
transmigration into peripheral tissues (2,13,14).

Following adhesion, neutrophils rely on gelatinase granules to degrade vascular barriers
and enable tissue entry. These granules, mobilized upon contact with the endothelium, contain
matrix-degrading enzymes that facilitate extravasation into peripheral tissue by breaking down
components of the vascular basement membrane (15,16). Gelatinase granules are enriched in
proteolytic enzyme matrix metalloproteinase-9 (MMP-9) and are equipped with membrane-
associated receptors and trafficking proteins, including CD11b/CD18 (Mac-

1), CD67, CD177, ftMLF-R, SCAMPs, and VAMP?2 (1,2). Collectively, these components
coordinate neutrophil adhesion, migration, and tissue infiltration during the early stages of
inflammation.

Once within tissues, specific granules contribute to direct microbial killing and immune
amplification. Among their diverse contents, lactoferrin is a major specific granule protein that
disrupts microbial cell membranes by sequestering iron in biological fluids (17). Beyond its
antimicrobial role, lactoferrin amplifies innate immune responses by activating azurophilic
enzymes such as cathepsin G and serine proteases (18,19). Neutrophil gelatinase-associated
lipocalin (NGAL), another key component of specific granules, exerts complementary
antimicrobial effects by neutralizing bacterial siderophores, thereby limiting iron bioavailability
to pathogens generated by microorganisms (20,21).

Finally, azurophilic granules provide the most potent enzymatic machinery for
intracellular killing (1). These granules are enriched in myeloperoxidase (MPO), which

facilitates pathogen neutralization by inducing toxic oxidative reactions within phagolysosomes



during phagocytosis, the process by which neutrophils engulf and degrade pathogens
intracellularly (22). This compartmentalized reaction enables efficient microbial killing while
minimizing host tissue damage (23). In addition to MPO, azurophilic granules also contain
neutrophil elastase (NE), cathepsin G, proteinase 3, defensins, and lysozyme (1). Upon
neutrophil activation by stimuli such as Toll-like receptor (TLR) ligands, granulocyte-
macrophage colony-stimulating factor (GM-CSF), tumor necrosis factor-a (TNF-a), or
immunoglobulin/Fc receptor signaling, their contents can be also released into the extracellular
space through degranulation, amplifying inflammatory signaling and contributing to host defense
(8,24).

Beyond degranulation, granular enzymes and antimicrobial peptides are also externalized
during the formation of NETs, which are physical networks of chromatin and protein that can
physically immobilize and neutralize pathogens (25). These antimicrobial effectors remain
enzymatically active upon NET release, allowing them to carry out their microbicidal function in

the extracellular space (26).

1.1.3 Neutrophil Cell Death Pathways and Regulation

Despite the central role of neutrophils in antimicrobial defense and inflammation, their
activity must be tightly regulated due to the highly cytotoxic nature of their granular contents and
the potential for collateral host tissue injury (23). In addition to their antimicrobial arsenal,
neutrophils release granule-derived molecules that exert regulatory functions to limit
inflammation and promote tissue homeostasis. Specific granule proteins such as resistin,
olfactomedin-4, and signal-regulatory protein o (SIRPa) modulate neutrophil accumulation,
oxidative activity at sites of injury, and lifespan (2,27,28).

The short lifespan of neutrophils and the mechanisms regulating their clearance are

critical for preventing aberrant neutrophil activity (29). Under homeostatic conditions, neutrophil
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survival is regulated by apoptosis, a non-lytic and non-inflammatory form of programmed cell
death (30). This process can be initiated by intracellular stress factors or by membrane-mediated
signaling in response to external stimuli. Both intrinsic and extrinsic pathways result in the
assembly of the apoptosome and subsequent activation of effector caspase-3 and -7 (30-32).
Morphologically, apoptosis is characterized by cell shrinkage, plasma membrane blebbing,
chromatin condensation, and nuclear DNA fragmentation (29). Importantly, membrane integrity
is preserved during apoptosis, thereby preventing the leakage of neutrophil contents and
minimizing local tissue injury (33,34).

Under certain conditions, neutrophils can undergo alternative forms of cell death,
including necroptosis, necrosis, pyroptosis, autophagy-mediated cell death, and NETosis (29).
Necrosis and necroptosis are both associated with a marked increase in reactive oxygen species
(ROS), ultimately leading to the rupture of the plasma membrane (35). Cell lysis is also a
hallmark of pyroptosis, a caspase-1- or caspase-11-dependent process in which inflammasome
activation promotes gasdermin-mediated membrane pore formation and the release of
interleukin-1p (IL-1pB) (29,35,36).

In contrast to these lytic pathways, autophagy-mediated cell death is typically non-
inflammatory and is characterized by the formation of autophagic intracellular vesicles that
sequester and degrade cellular contents (37). Although autophagy primarily functions as a
survival mechanism to remove damaged organelles, sustained activation can shift this process
toward self-digestion and cell death via autophagy (38).

NETosis, the most recently described form of programmed cell death in neutrophils,
culminates in the release of NETs. A defining feature of this process is the rupture of the nuclear

envelope, which allows chromatin to mix with granular and cytoplasmic components prior to the



disintegration of the plasma membrane (39). This sequence of events leads to neutrophil death
and the extrusion of a highly microbicidal extracellular network that contributes to pathogen
neutralization (40).

Following neutrophil death, macrophages play a critical role in maintaining neutrophil
homeostasis by clearing apoptotic neutrophils through efferocytosis, a process that promotes the
resolution of inflammation (29,41,42). This clearance suppresses granulopoiesis and the further
release of neutrophils from the bone marrow by downregulating G-CSF production (43). The
presence of senescent neutrophils in the circulation also induces upregulation of CXCR4,

facilitating their return to the bone marrow for final clearance (44).

1.2 Neutrophil Extracellular Traps

1.2.1 Discovery and Immune Function of NETs
NETs were first discovered and described by Volker Brinkmann and Arturo Zychlinsky

in 2004 (40). They described NETs as extracellular web-like structures composed of
decondensed chromatin decorated with granular and cytoplasmic proteins released from
activated neutrophils. These structures were shown to entrap and neutralize pathogens by
providing locally concentrated antimicrobial enzymes and peptides and acting as physical
barriers that limit pathogen dissemination (40). Importantly, Brinkmann and colleagues also
recognized the potential pathogenic consequences of NET formation, noting that the extracellular
exposure to nuclear and granular contents could contribute to host tissue injury and autoimmune
disease.

This process was later termed NETosis, a distinct form of regulated cell death in which
NET extrusion occurs concomitantly with the death of the neutrophil (39). NETosis can be
distinguished from other types of neutrophil death by its characteristic sequence of

morphological changes. Neutrophil activation first triggers actin cytoskeletal rearrangement,
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Figure 1.2: Sequential morphological stages of NETosis.

Schematic representation of the progressive morphological stages of NETosis. NET release proceeds through sequential
morphological changes, previously described as Spread, Disintegrated nucleus, and NETosis. Neutrophil activation initiates
cytoskeletal rearrangements that promote cell spreading, followed by chromatin decondensation and nuclear swelling that
expands to fill the cell body and allows mixing of nuclear and cytosolic contents. Terminal NETosis culminates in the
externalization of chromatin structures into the extracellular space, occurring through localized membrane pores or

widespread loss of membrane integrity, resulting in diffuse, cloud-like NET release.



causing the cell body to flatten (45). Chromatin then decondenses and expands, leading to the
loss of the lobulated nucleus and breakdown of the nuclear envelope. The simultaneous
disintegration of granular membranes allows mixing of nuclear and granular content within the
cytoplasm, which are then expelled into the extracellular space, either diffusely following
complete plasma membrane rupture or through a localized pore (39,45). These steps have been
classified into distinct stages of NETosis: (1) Spread, (2) Disintegrated nucleus, and (3) NETosis
(39,45) (Fig. 1.2), with their timing dependent on the type and intensity of the activating
stimulus.

The composition of NETs is heterogenous and appears to depend on the nature of the
activating stimulus (25). The antimicrobial activity of NETs has been attributed to several key
components released during NETosis, including histones, granular proteases such as NE, MPO
and, lactoferrin (46). Variability in NET protein cargo has been well documented. While initial
proteomic analyses of PMA-induced NETs identified 24 core proteins, subsequent studies have
shown that the NET proteome is modulated by the stimulus, with exposure to different strains of
Pseudomonas aeruginosa inducing the release of up to 50 distinct proteins (47,48).

NET formation thus allows neutrophils to maintain antimicrobial activity post-mortem
and was shown to be as effective as phagocytosis in eliminating certain pathogens (39). Since
their discovery, extensive work has focused on elucidating the role of NETs in host defense.
Given their antimicrobial properties, NET release can be triggered by a wide range of stimuli,
including bacteria, fungi, parasites, and viruses (25,49), often in response to microbial
components such as lipoteichoic acid and lipopolysaccharide (LPS), and other cell surface
molecules. NETs primarily function to immobilize and eliminate pathogens that are too large or

resistant to phagocytosis (46,50,51). Through electrostatic interactions, NETs can physically
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bind both Gram-positive and Gram-negative bacteria, as well as fungi, thereby limiting
dissemination and enhancing microbial killing (52).

Beyond physical entrapment, NETs exert potent bactericidal effects through the activity
of their associated granular components. NE, bound to the chromatin backbone, can cleave
virulence factors of Shigella flexneri, Salmonella typhimurium, and Yersinia enterocolitica
(40,53,54). Similar proteolytic activity has been reported for cathepsin G and proteinase 3
(55). MPO also remains catalytically active following NET release, generating ROS that are
instrumental in NET-mediated killing of Staphylococcus aureus (25,26). Additionally,
externalized histones exhibit potent bactericidal activity (56), and the web-like NET structures
can serve to disrupt bacterial biofilms, preventing further dissemination, as demonstrated for
Pseudomonas aeruginosa (57).

NETs also participate in antiparasitic, antiviral and antifungal immune responses. Against
parasites, NET release promotes immobilization but appears insufficient for complete eradication
(58). Viral exposure can also trigger NET formation (59,60). Notably, NETs have been shown to
bind and inactivate HIV-1 virions (61). This antiviral activity has been attributed to chromatin-
bound antimicrobial proteins MPO and a-defensin, which can target both enveloped and non-
enveloped viruses (61).

Similarly, NETs can eliminate fungal pathogens through mechanisms mediated by
calprotectin and MPO (48,62). The physiological relevance of these mechanisms is highlighted
by the occurrence of recurrent fungal infections in MPO-deficient individuals (48), and by the
observation that calprotectin restoration in granulomatous disease patients protects against

invasive fungal infections (63). In humans, NETs are particularly important for the clearance of
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fungal infections and other pathogens capable of evading phagocytosis, yet NETs display
variable antimicrobial efficiency across infections in vivo (46).

NETs also engage in crosstalk with neutrophils and innate immune cells to modulate the
ensuing immune responses. They have been shown to stimulate neighboring neutrophils and
enhance granule exocytosis, ROS generation, and phagocytic activity, an effect suggested to
occur through activation of p38 mitogen-activated protein kinase (MAPK), Akt, and extracellular
signal-regulated kinase 1/2 (ERK1/2) phosphorylation pathways (64). Moreover, NETs play a
key role in macrophage modulation by inducing polarization toward a pro-inflammatory
phenotype via Toll-like receptor 9 (TLR9)-dependent nuclear factor kB (NF-«kB) signaling (65),
facilitating the transfer of neutrophil-specific antimicrobial peptides and triggering macrophage
pyroptosis through high-mobility box 1 (HMGBJ1) release (66,67). These interactions enhance
macrophage antimicrobial activity, particularly by promoting phagocytosis (68). NETs have also
been shown to promote the differentiation of monocytes into M2 macrophages by
downregulating IL-4 receptor expression, which may serve to limit chronic inflammation
induced by monocyte-derived dendritic cells (DCs) (69).

NETs further influence DC responses by inducing the production of interferon-alpha
(IFN-a) through TLR9 signaling (70). However, their effect appears to be dichotomous. While
NET-associated granular proteins can stimulate plasmacytoid DCs to release antiviral factors,
NET exposure under certain conditions can impair DC differentiation and maturation,
dampening their immunostimulatory potential (71). Additionally, NETs have been observed to
supress natural killer cell function, further emphasizing their dual role in regulating innate

immunity (49).
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Beyond their impact on innate immune cells, NETs can also modulate adaptive immune
responses by engaging T and B lymphocytes. NETs interact with T cells through their receptors,
inducing elevated expression of activation markers (72,73). This interaction lowers the activation
threshold of T cells and enhances antigen-specific immune responses (74). In B cells, NETs
promote activation and proliferation through p38 MAPK and TLR9Y signaling (75), supporting
their role in bridging innate and adaptive immune mechanisms.

While NETs can amplify inflammation and contribute to tissue injury through their
cytotoxic proteome, they may also participate in the resolution of inflammation. NET-associated
proteases can degrade cytokines and chemokines to help dampen immune activation (76).
Collectively, these findings highlight the dual nature of NETs as antimicrobial and
immunomodulatory effectors, essential for host defense yet potentially pathogenic when
dysregulated. Following their discovery as a novel antimicrobial strategy, subsequent studies

have focused on elucidating the cellular and molecular mechanisms underlying their formation.

1.2.2 Mechanisms of NETosis
Foundational research has established NETosis as a distinct form of programmed cell

death involving the orchestrated activation of signaling networks that include protein kinase C
(PKC), Raf—mitogen-activated protein kinase kinase (MEK)-ERK, and NADPH oxidase
pathways, culminating in peptidylarginine deiminase 4 (PAD4)-dependent chromatin
decondensation and extracellular DNA release (40,77,78). The relative contribution of each
pathway depends on the nature of the stimulus and cellular context, leading to the
characterization of distinct mechanisms of NET release.

The classical pathway of NET formation, known as suicidal NETosis, involves a robust
oxidative burst that initiates a cascade of intracellular events resulting in neutrophil death and

DNA release (46). This process has been well characterized in response to phorbol 12-myristate
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13-acetate (PMA), which triggers an NADPH oxidase 2 (NOX2)-mediated signaling cascade via
activation of PKC (79,80). Physiological stimuli such as cytokines TNF-a, IL-1p, or interleukin-
8 (IL-8) can also induce NET formation through this pathway (81).

PKC and the Raf-MEK-ERK pathway both phosphorylate cytosolic p47 to induce the
assembly of the active NOX2 complex at the phagosomal or plasma membrane (78,80,82). The
resulting production of ROS triggers MPO activation, leading to the cytosolic release of NE,
which sequestered at the surface of azurophilic granules within mulprotein complexes known as
azurosomes (83,84). This release represents a key initiating step in NET formation (25).
Accordingly, suppression of ROS with antioxidants such as vitamin C significantly reduces NET
release (85,86)

NE is a central effector of canonical NETosis, mediating both chromatin decondensation
and activation of gasdermin D (GSDMD), a pore-forming enzyme that facilitates DNA extrusion
while concurrently inducing cell death (87,88). Cytosolic NE contributes to NETosis by
disassembling the actin cytoskeleton, degrading F-actin to promote neutrophil activation and
immobilization (83,89). It can also enter the nucleus via passive diffusion where it synergizes
with MPO to cleave and inactivate histone subunits, driving chromatin decondensation (84,87).
Consistent with this, NE deficiency prevents NET formation during bacterial challenge (87).

MPO activation serves as an important inducer of NE release and further enhances
chromatin decondensation along with other cationic proteins such as DEK, which bind to and
neutralize histone charge (84,90). Yet, blocking MPO only delays NETosis rather than
preventing it (84). NE release can occur independently of MPO through ROS-mediated
disruption of azurosomes, promoting NE translocation to the nucleus and chromatin

decondensation even in the absence of MPO activity (83).
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Figure 1.3: Signaling pathways and cellular outcomes contributing to NET formation.

Schematic overview of major signaling pathways and cellular processes implicated in neutrophil extracellular trap (NET) formation.
Receptor-mediated activation engages upstream signaling modules, including Syk—PI3K-mTORC2 and MAPK (Raf~MEK-ERK),
which promote cytoskeletal remodeling, calcium mobilization, and reactive oxygen species (ROS) generation via NADPH oxidase 2
(NOX2). Suicidal NETosis is triggered by ROS- and calcium-dependent signaling that converges on activation of protein kinase C
(PKC) and peptidylarginine deiminase 4 (PAD4), driving histone modification and chromatin decondensation. In suicidal NETosis,
extensive chromatin decondensation, nuclear envelope breakdown, and loss of plasma membrane integrity culminate in extracellular
DNA extrusion decorated with granule proteins such as neutrophil elastase (NE) and myeloperoxidase (MPO). In parallel, a non-
canonical inflammasome—dependent pathway can be initiated following bacterial internalization (e.g. phagocytosis), leading to cytosolic
sensing of bacterial components, activation of caspase-11/4, gasdermin D (GSDMD) pore formation, and NET release. In contrast, vital
NETosis is depicted as an alternative outcome in wh