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Abstract: Neutrophils are the most abundant leukocyte in circulation and are the first line of defense
after an infection or injury. Neutrophils have a broad spectrum of functions, including phagocytosis
of microorganisms, the release of pro-inflammatory cytokines and chemokines, oxidative burst, and
the formation of neutrophil extracellular traps. Traditionally, neutrophils were thought to be most
important for acute inflammatory responses, with a short half-life and a more static response to infec-
tions and injury. However, this view has changed in recent years showing neutrophil heterogeneity
and dynamics, indicating a much more regulated and flexible response. Here we will discuss the role
of neutrophils in aging and neurological disorders; specifically, we focus on recent data indicating
the impact of neutrophils in chronic inflammatory processes and their contribution to neurological
diseases. Lastly, we aim to conclude that reactive neutrophils directly contribute to increased vascular
inflammation and age-related diseases.
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1. Introduction

Neutrophils are human blood’s most abundant white blood cells making up 60–70%
of total leukocytes [1]. Neutrophils originate in the bone marrow from hematopoietic stem
cells, and after going through successive differentiation processes, they circulate in the blood
for several hours to days [2] and transmigrate out of the blood vessels into the tissue upon
encountering pro-inflammatory signals [3]. Ongoing inflammation leads to up-regulation
of selectins such as P-selectin on endothelial cells, which interacts with the sialo-mucin
ligand P-selectin-glycoprotein–ligand-1 (PSGL-1), constitutively expressed on the surface of
neutrophils. This interaction slows down the speed of free-flowing neutrophils in the blood
vessel by mediating neutrophil rolling (stop and go movement) along the endothelium [4]
(Figure 1a). Following the step of neutrophil rolling, a high-affinity interaction of CD18
integrins CD11a/CD18 (LFA-1) and CD11b/CD18 (Mac-1) expressed on neutrophils with
inter-cellular-adhesion-molecule-1 or -2 (ICAM-1/ICAM-2) expressed on endothelium
mediates the firm arrest (complete stop) of neutrophils on the vascular endothelium [5].
Neutrophils then crawl and cross the border known as the blood–brain barrier (BBB) that
lies between endothelial cells and the tissue site through a process known as diapedesis.
Inflammatory signals, such as complement protein C5a, Interleukin-8, and Leukotriene
B4, are among the most potent chemo-attractants that guides the neutrophil within the
tissue [6,7] (Figure 1a).

Neutrophils eliminate pathogens in one of four ways. First, they can phagocytose
pathogens that come into cells as phagosomes, which are fused with the lysosome and
degraded through various enzymes, such as acid hydrolases [8] (Figure 1b). Second, neu-
trophils can release granules containing cytotoxic enzymes that destroy pathogens [9]
(Figure 1b). Third, they can eject their DNA chromatin with cytotoxic granules to trap the
pathogen in a process known as NETosis [10] (Figure 1b). Fourth, neutrophils also undergo
oxidative bursts [11]. After the elimination of pathogens, most neutrophils undergo apopto-
sis or other methods of cell death, and cell debris is phagocytosed by macrophages [12]. The
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remaining neutrophils reverse migrate into the blood and go to the bone marrow, spleen,
and liver for degradation [3]. Despite playing vital roles in the body’s defense, neutrophils
are responsible for initiating or progressing various diseases such as psoriasis, rheumatoid
arthritis, systemic lupus erythematosus, coronary heart disease, and asthma [13]. More-
over, the involvement of neutrophils in low-level chronic inflammatory diseases such as
Alzheimer’s is being investigated [14,15].
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in the bone marrow and their entry into the blood after attaining maturity, functional responses upon
encountering pathogens, and apoptosis or clearance after pathogen clearance; (b) mechanism of
effector actions of neutrophil; (c) distinctions between immature and mature neutrophils based on
cellular morphology and molecular markers [13,16–23].

With the implementation of single-cell sequencing, sophisticated programs, and
software to analyze the data [24], the utilization of bone marrow chimera mice [25] is
challenging the idea of a single homogeneous ‘type’ of neutrophils. Instead, it is becom-
ing increasingly clear that the circulating neutrophil population is heterogeneous [24,26]
(Figure 1c). Therefore, this review will discuss the overall development and differentiation
of neutrophils, their heterogeneity, and their involvement in neurological diseases.

2. Generation, Development, and Life Cycle of Neutrophils

Like all leukocytes, neutrophils begin their life cycle in the bone marrow from hematopoi-
etic stem cells, which differentiate into multipotent precursor (MPP) cells. MPPs then divide
and generate lymphoid and myeloid progenitor (LMP) cells. LMPs undergo subsequent
differentiation to give rise to granulocyte–macrophage precursors (GMP), which divide to
generate neutrophil precursors [27,28]. Neutrophil precursors differentiate into myeloblast,
promyelocyte, myelocyte, metamyelocyte, and band cell stages, which ultimately give rise
to segmented neutrophils [16,17].

Myeloblasts are considered the earliest neutrophil progenitors, with a large nucleus
and cytoplasm devoid of granules. Promyelocytes are larger than myeloblasts, the shape
of their nucleus is rounded, and it contains azurophilic granules with myeloperoxidase
as the primary compound [17,28]. In the myelocyte stage, the rounded nucleus of the



Biomolecules 2023, 13, 743 3 of 19

promyelocyte begins to indent, and the cell size also decreases. At this stage of neutrophil
development, secondary granules start forming, made up of compounds such as lactoferrin,
lysozyme, and collagenase [3]. In the metamyelocyte stage, the size of the cell decreases
further, and the nucleus becomes more densely packed with chromatin. It becomes kidney-
shaped, and both azurophilic and secondary granules are observed. In the band cell stage,
the cell size decreases even further, and the relative shape of the nucleus becomes more
elongated and lobular [17].

Behind the differentiation of neutrophils from the hematopoietic stem cell, several
molecules and factors have a crucial role. Granulocyte-colony stimulating factor is one
of them. It has vital roles in the neutrophil life cycle, such as controlling the differenti-
ation of neutrophils from the hematopoietic stem cells, the production and survival of
neutrophils [29], and their release from the bone marrow into the blood [30,31]. Apart
from this, chemokine receptors CXCR2 and CXCR4 control the decision of retention or
release of the neutrophils from mouse bone marrow; CXCR4 (which is the receptor for the
chemokine CXCL12) is mainly associated with the retention of neutrophils in the marrow
and CXCR2 (which is the receptor of the CXCL1 and CXCL2) is related to the event of a
neutrophil release from the bone marrow [32]. In humans, IL8 (CXCL8) is the major ligand
for CXCR1 and CXCR2. On top of these, several other transcription factors, such as the
CCAAT enhancer binding protein α gene [33] and PU.1 [34], are essential in the later stages
of neutrophil differentiation.

3. Common Techniques and Methodologies Used to Study Neutrophil Biology

Proteomics: There are three main types of proteomics: expression proteomics, structural
proteomics, and functional proteomics [35,36]. Expression proteomics quantitatively iden-
tifies and characterizes proteins in various sample groups (Control, treatment). Proteins
are separated using two-dimensional gel electrophoresis, and then the separated proteins
are identified using mass spectrometry (MALDI TOF MS, LC-ESI MS/MS) [37]. On the
other hand, the primary objective of structural proteomics is to elucidate the structure and
composition of proteins and study the protein–protein interactions [38]. In this proteomics,
target proteins are first immunoprecipitated, then separated by gel electrophoresis. Finally,
they are identified using mass spectrometry [37,39]. In contrast, functional proteomics is
about studying the function of proteins [40], whereas mass spectrometry is widely used
with other techniques [37].

Single-cell sequencing: This is a widely used state-of-the-art technique for study-
ing neutrophils. The main benefit of this technique is that it can identify the expres-
sion of various genes and transcripts at a single-cell resolution [41]. For example, using
single-cell RNA sequencing, it has been shown that the circulating population of neu-
trophils is heterogenous, contrary to the popular belief of one homogenous population of
neutrophils [42]. On top of that, the data obtained from the single-cell sequencing of neu-
trophil are processed through sophisticated algorithms such as diffusion mapping, which
lead to further advancement of understanding about the development of neutrophils [43].

Single-cell Metabolomics: Studying immune cells such as neutrophils with a short life
span is challenging but essential. One of the ways to understand cellular metabolism is
to study the whole metabolome, which is the collection of all metabolites at a particular
time point [44]. The composition of metabolites is measured at the single-cell level to
understand cellular metabolism processes in individual cells and populations. It has been
recently used to discover the role of glutathione depletion in the spontaneous apoptosis of
neutrophils [45].

Multiphoton Imaging: Another way to obtain real-time information about highly
dynamic immune cells such as neutrophils is to use two-photon and three-photon imaging,
which, unlike confocal microscopy, uses two photons for better penetration into the sample
and less photodamage [46,47]. Using this technique, researchers have shown the extravasa-
tion of neutrophils. For example, micro emboli formation in sickle-cell disease and NET
formation occurs in the lungs upon receiving inflammatory cues [48–52]. Similarly, another
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group of researchers utilized multiphoton imaging to study neutrophil-extracellular-trap
formation in vivo [53].

4. Contribution of Neutrophils in Neurological Diseases
4.1. Ischemic Stroke

Ischemic stroke is defined by the occlusion of blood vessels in the brain due to throm-
bus formation. Within minutes, neutrophils in mouse blood can be detected at the ischemic
site, guided by inflammatory cytokines such as Il-1, Il-6, CXCL1, and TNF and chemokines
such as CCL-2, CCL-3, and CCL-5 [54,55]. In addition, damage-associated molecular pat-
terns such as high mobility group box protein, heat shock protein, and DNA released
by the death of the cells help in their recruitment and activation in mice and patients
(Figure 2) [55,56]. Neutrophils then adhere to the endothelium and transmigrate inside
the tissue space. The pro-inflammatory cytokines, proteases, and reactive oxygen species
secreted by neutrophils exacerbate cerebral inflammation, cause blood–brain barrier break-
down, and recruit neutrophil reinforcement to the thrombus site [55]. Neutrophils can also
exaggerate the pro-thrombogenic pathways by direct interaction with platelets, proteolytic
cleavage of clotting factors, and releasing a neutrophil extracellular trap that binds and
entraps platelets [57,58].
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Further research has shown that the neutrophil population has functional heterogene-
ity. The pro-inflammatory ‘N1’ neutrophils have an anti-inflammatory ‘N2’ counterpart.
The N2 neutrophils secrete TGFβ and IL-10 and have a neuroprotective and immune-
suppressive function [59], but further research is needed to establish whether N1 and N2
neutrophils are ontogenically different. Recent studies in mice have shown that reducing
the adhesion and neutrophil number using an antibody against the neutrophil protein
Ly6G increased reperfusion by reducing the number of capillary obstructions in the cap-
illaries [60,61]. Overall, the ischemic stroke outcome was less severe when neutrophils
were depleted.
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4.2. Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that causes
dopaminergic neuron loss in the brain, primarily in the substantia nigra, which has essential
roles in controlling movement. Besides the accumulation of alpha-synuclein and loss of
dopaminergic neurons in the substation nigra, PD encompasses both central and peripheral
inflammation. Many studies uncover the involvement of immune cells, such as neutrophils,
in PD [62]. In mice, one of the effector mechanisms of neutrophils is the use of large
concentrations of nitric oxide, which is generated by nitric oxide synthase [63]. Patients
with PD have elevated expression of neuronal nitric oxide synthase in their circulating
neutrophils, indicating a role in increased oxidative stress in PD patients [64]. Nitric oxide
reacts with superoxide anion and can give rise to peroxynitrite, which is shown to trigger
the release of the neutrophil extracellular trap ex vivo, exacerbating inflammation [65].
Since neutrophils are one of the most abundant white blood cells in the blood, they are often
utilized to assess peripheral inflammation. For example, leucine-rich repeat kinase two has
essential roles in Parkinson’s disease. Its kinase activity is measured by the phosphorylation
status of Rab10, which can be extracted from peripheral blood neutrophils [66]. The
neutrophil-to-lymphocyte ratio is a way to estimate inflammation. Although its role in
Parkinson’s is still under investigation, some studies show that the patients generally have
a higher neutrophil-to-lymphocyte ratio than the healthy controls [62,67].

4.3. COVID-19

Severe acute respiratory syndrome coronavirus-2 causes COVID-19 disease, primar-
ily damaging the lungs, and causes mild to moderate respiratory difficulty in many
patients [68]. Inflammation, which occurs during the acute phase of infection, recruits
neutrophils to the lungs, which then undergo degranulation with the secretion of NETs
and pro-inflammatory cytokines. This results from animal models in an increase in in-
flammation and associated tissue damage [69]. Almost half the people with COVID-19
are now developing long-term symptoms [70]. Neutrophils, among the other leukocytes,
play a vital role in the post-COVID-19 changes in the lungs and other organs, including the
brain. Compared to control patients, people with post-COVID-19 interstitial lung changes
have shown increased levels of pro-inflammatory cytokines such as TNF and IL-17C in the
plasma and reported upregulation of proteins known for neutrophil chemotaxis such as
CCL20 and CCL25 (Figure 2) [71]. This group also showed more circulating neutrophils
(indicating peripheral inflammation), higher concentration of myeloperoxidase (peroxidase
expressed predominantly by neutrophils), and increased NETosis compared to controls [71].
The upregulation of NETs during long COVID-19 increases the expression of fibrogenic
mediators, which can lead to thrombosis in the lung, kidney, or other organs [71,72]. It is
proposed that neutrophils specifically harm the microvasculature by causing endothelial
cell swelling and small clots [73,74]. Patients with long COVID-19 also reported varying
degrees of cognitive impairment, commonly called ‘brain fog.’ It is reported that SARS-
CoV-2 can enter the central nervous system via dysregulation of the BBB [75,76]. Once
inside the brain, it can constrict the capillaries and reduce the blood flow via binding ACE2
on the pericytes [77]. SARS-CoV-2 also increases the viscosity of the blood, which causes
the reduced blood flow in the cerebral capillaries [78]. As seen in other dementia or stroke
models, this reduction in the blood flow might be one of the mechanisms behind cognitive
impairment in the long COVID-19.

4.4. Huntington’s Disease

Huntington’s disease (HD) is a rare neurodegenerative disease that causes neurode-
generation due to a mutation in the Huntington gene [79]. For a long time, the role of the
immune system in HD has remained underappreciated, but the recent focus on this area
has started to uncover some fascinating insights. For example, compared to the healthy
controls, the plasma of HD patients has been shown to contain increased IL-6, MMP-9,
VEGF, TGF-β1, and decreased IL-18 levels [80]. Interestingly, Il-6 deficiency in a mouse
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model has been shown to exacerbate the HD symptoms and thus may point towards the
importance of optimal IL-6 in the body [81]. In HD cases, it is thought that there is only a
marginal influx of peripheral immune cells, including neutrophils [79]. In another study,
however, the effect on neutrophils went in the other direction. Using BACHD mice, a
well-characterized mouse model of HD, the authors observed that the BACHD mice had
60% fewer infiltrating neutrophils in the peritoneum than wild-type mice [81]. More data
need to be reported on the effect of neutrophils on mouse models and patients with HD.

4.5. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease caused by neuro-
genic amyotrophy and degeneration of upper and lower motor neurons [82]. Dysregulated
inflammatory pathways are prevalent in patients with amyotrophic lateral sclerosis, char-
acterized by increased levels of pro-inflammatory cytokines and subsequent immune cell
infiltration into the CNS, such as neutrophils [83]. Relatively high levels of inflammatory
cytokines, such as IFN-β, TNF-α, IL-6, and IL-8, were identified in the plasma of ALS
participants. These pro-inflammatory cytokines have an imperative role in ALS mouse
models in neutrophil activity and trafficking [83–85]. High levels of IL-6 and sIL-6R have
been demonstrated in several chronic inflammatory and autoimmune diseases [86,87]. A
study has shown the effect of systemic IL-6-mediated inflammation on endothelial cell (EC)
death damaging the CNS barrier in ALS individuals (Figure 2) [88]. In patients, IL-6R can
be released by proteolytic shedding from neutrophils or by secretion from monocytes of an
alternatively spliced messenger RNA (mRNA) species as a soluble form (sIL-6R). Increased
shedding of sIL-6R promotes IL-6/sIL-6R complex formation in the blood [89,90]. This
complex activates the trans-signaling pathway upon binding to glycoprotein 130 on the
target cell membrane, activating JAK and other signal transduction molecules, including
MAPK, ERK, P13K, and STAT. This results in a pro-inflammatory response in the endothe-
lial cells and a de novo synthesis of monocyte-attracting chemokines and vascular cell
adhesion molecules, leading to the extravasation of inflammatory cells into the CNS [88]. It
is believed that such a swamp of cells will cause EC degeneration, the principal cause of
damage to the brain–CNS barrier in ALS.

Apart from the role of inflammatory cytokines, other immune factors are associated
with ALS that can enhance the activity, trafficking, and survival of neutrophils, including
Leukotriene B4, platelet-activating factor, and C5a [91]. Several studies have shown a
correlation between the increased percentage of neutrophils within the total leukocyte
population and disease progression [92–94]. Accordingly, the increased neutrophil-to-
monocyte ratio in patients with ALS suggests progressive alterations in peripheral myeloid
populations, which may contribute to functional changes associated with the disease [92].
In the skeletal muscle, neutrophils are recognized for their role in mediating myofiber
damage and atrophy. It was found that ALS patients have significant infiltrations of
mast cells and phagocytic neutrophils into their skeletal muscles. These cells orchestrate
interactions with each other, myofibers, and motor endplates, leading to neuromuscular
junction denervation and muscular atrophy. In mouse models, an influx of endomysial
elastase-expressing neutrophils may cause such atrophy in muscles, which is reportedly
upregulated in muscular dystrophy, impairing myogenesis [95,96]. The data suggest that
neutrophil hyperactivation with a high potential for cytotoxicity is involved in neutrophil-
mediated inflammation due to NET formation, indicating that the uncontrolled activation
of neutrophils likely contributes to muscular pathology ALS.

Studies have shown a link between immune cell features, such as population frequency
and expression markers, and disease features. Accordingly, CD16 (FcgRIIIb) expression
on mouse neutrophils is associated with disease severity and disease progression rate.
As neutrophils age in culture, they lose expression of CD16 in parallel with declining
functionality, increasing phagocytosis and oxidative stress [96,97]. This suggests the pos-
sibility of reactive oxygen species production during chronic neutrophil activation that
exacerbates motor neuron degeneration [91]. A study by Murdock et al. showed that the
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immune system affects ALS patients differently depending on their gender. Using two
separate survival models, the study examined the potential role of neutrophils in ALS
patients and determined whether sex affects immunity in those individuals [98]. First, they
showed the association of increasing peripheral neutrophils with increased mortality in
ALS [99,100]. Second, they revealed that the role of neutrophils is complicated by sex, as
low peripheral neutrophil levels were associated with more prolonged median survival
in females. Low neutrophil levels, however, did not correlate with increased survival in
male participants. This discrepancy could be explained by various mechanisms, including
the direct effects of sex hormones on neutrophil activity due to the immunomodulatory
effects of male and female hormones and the alternation of the immune environment by sex
within the CNS [92,94]. The data suggest a profound impact of neutrophils in the disease
progression, and sex-specific neutrophil responses could contribute to sex differences seen
in ALS patients. Much more work is needed to untangle the role of neutrophils and their
sex-specific roles.

4.6. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disorder of the central nervous
system (CNS), characterized by the deterioration of the myelin sheath that protects the
nerve fibers. Neutrophil infiltration into the CNS, followed by cytokines secretion such
as TNF-α, IL-6, IL-12, IL-1β, and IFN-γ, triggers the inflammatory cascade, causing BBB
injury in MS patients [101].

IL-17, known to be produced by Th17 cells and neutrophils, is also reported to be
upregulated in the brain of experimental autoimmune encephalomyelitis (EAE) mice
during the early stages of the disease. IL-17 is known to disrupt the BBB, which facili-
tates the migration of inflammatory cells into the brain and also affects the production
of other inflammatory chemokines and cytokines associated with EAE, including CXCL1
and CXCL2 [102,103]. Observations suggest neutrophils may damage neurons directly
through CXCR2 signaling, a key regulator of neutrophil neurotoxicity. A study found
that neutrophils isolated from control EAE mice induced severe neuronal cell death via
CXCR2-mediated ROS generation in neutrophils. Neutrophil-specific CXCR2 deletion is
sufficient to rescue this effect by preventing ROS production. We can conclude that MS’s
pathogenesis requires CXCR2 signaling [104,105].

Increased neutrophil numbers are primarily attributed to a decrease in spontaneous
apoptosis. The existence of a pro-inflammatory environment appears to modify neutrophil
lifespan in patients with relapsing-remitting MS (RRMS), as it was shown that RRMS neu-
trophils have greater apoptosis resistance than neutrophils from healthy controls (HC) [106],
stating that an inflammatory environment can influence neutrophil survival and apoptosis.
Such an environment can result from inflammatory priming agents such as IL-1β, IL-6,
IFN-y, G-CSF, GM-CSF, or IL-8, which can delay neutrophil apoptosis. In addition, elevated
levels of TLR2, CD43, FPR1, and CXCR1 in RRMS patients’ neutrophils further suggest that
the chronic inflammatory milieu primes neutrophils in RRMS [107]. Primed neutrophils
from RRMS patients showed enhanced effector mechanisms, including degranulation,
oxidative burst, and release of NETs [108]. Increased levels of NETs are linked to patho-
physiological conditions, which are believed to be induced by inflammatory mediators,
including IL-8. MS patients show higher levels of IL-8 [109], which also prolongs neutrophil
survival [110]. Interestingly, a study found that the subset of RRMS patients with high NETs
in the serum was significantly enriched in male patients compared to females, suggesting
that NETosis may be gender-specific in this disease and could be involved in certain aspects
of MS pathogenesis, such as the opening of the BBB [111].

4.7. Autism

Autism spectrum disorder (ASD) is a pediatric heterogeneous neuropsychiatric disor-
der characterized by social and communication deficits, language impairment, and ritualis-
tic or repetitive behaviors [112]. Dysregulations in innate and adaptive immune cells have
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been implicated in the pathogenesis of ASD [113]. Thereby, oxidants and pro-inflammatory
cytokines generate important effects.

Past investigations found high levels of pro-inflammatory cytokines, including IL-6
and IL-17A, in ASD patients and autistic mice [114,115]. In ASD subjects, IL-17A produced
by immune cells such as Th17 and monocytes/macrophages cells can activate neutrophils.
Primed neutrophils might worsen overall inflammation, indicating they play a crucial
role in developing peripheral inflammation. A study has found the upregulation of IL-
17A/IL-17R in neutrophils of ASD patients, whose interaction is required in oxidative
stress regulation in neutrophils. Activation of IL-17A/IL-17R in neutrophils correlates with
elevated NOX2/ROS signaling [113].

Excessive oxidative stress due to the activation of NFκB and iNOS is also reported in
autistic subjects and BTBR T + Itpr3tf/J (BTBR) mice. This study showed that sulforaphane, an
Nrf2 activation mediator, inhibited NFκB-iNOS signaling in neutrophils and cerebellum [116],
given the importance of Nrf2 in controlling immune system response and cellular oxida-
tive stress. It was suggested that sulforaphane would attenuate the effects of oxidative
stress on neutrophils and brain tissue in autism via activating Nrf2 in microglial cells and
macrophages.

ASD neutrophils may also cause increased oxidative stress in response to environmen-
tal pollutants such as i-2-ethylhexyl phthalate (DEHP). Neutrophils in such patients are
unable to mount an antioxidant response, which was shown by lower expression levels of
Nrf2 [117].

Epithelial cell-derived neutrophil-activating peptide-78 (ENA-78/CXCL5) is a CXC
chemokine that attracts and activates neutrophils [118]. Accompanied by IL-8, it can induce
neutrophil chemotaxis and activation by increasing intracellular calcium levels and elastase
release [119], stating that the dysfunction of the immune system can act as a crucial factor
in the development of autism.

Highly reactive neutrophil cathepsin B can initiate leukocyte–endothelial cell adhesion
by promoting leukocyte Mac-1 activation and its interaction with endothelial ICAM-1.
Accordingly, Mac-1 in neutrophils and ICAM-1 in endothelial cells is found to be signifi-
cantly higher in autistic mice, underlying the role of neutrophil cathepsin B in inducing
neurovascular inflammation during autism [120].

4.8. Down Syndrome

Down syndrome (DS) is one of the most common genetic disorders caused by complete
or partial triplication of chromosome 21 [101]. Individuals with DS have a higher risk of
Alzheimer’s disease because patients have an extra copy of the amyloid precursor protein
(APP) gene located on chromosome 21, which is trivalent in this population [121]. Due to
mutations in APP and genetic risk genes, such as PSEN1 and PSEN2 which alter amyloid
concentrations, patients with DS are more prone to develop Alzheimer’s disease at an
earlier age (30–60 years) than those with late-onset Alzheimer’s disease (≥65 years) [122].

It is generally accepted that patients with DS are susceptible to developing infections
and chronic inflammatory conditions [122,123], which might also play a critical role in
the onset and progression of dementia in these individuals. A meta-analysis study found
high expression levels of Il-1β, TNF-α, IFN-γ, and IL-6 cytokines in DS patients com-
pared to healthy control [124]. These cytokines stimulate neutrophil activation and their
trafficking into the CNS, underlining the importance of primed neutrophils in neuroin-
flammation in DS patients. Elevated levels of inflammation can lead to Toll-like receptor
(TLR) signaling dysregulation. A study reported the increased expression levels of TLR2
on neutrophils and altered gene expression of key regulators proteins involved in its
signal propagation [125]. It is possible that excessive cytokine levels in DS may reflect
abnormal signaling of TLR pathways. Since the end point of these pathways results
in the release of inflammatory mediators, DS subjects may display a hyperresponsive
immune reaction [124]. Furthermore, TLR2 and TLR4 regulate neutrophil function in
DS patients, including apoptosis, adhesion, and activating pro-inflammatory signaling
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pathways, including the NF-κB pathway. Stimulation of the NF-κB pathway induces tran-
scriptional machinery of pro-inflammatory factors, such as iNOS, NOX2, IL-6, and other
chemokines/cytokines [10,113]. It has also been found that platelet TLR4 activation can
lead to robust neutrophil activation and NET formation, which can cause BBB damage
in DS subjects. The same symptoms were observed in Alzheimer’s disease when NETs
develop intravascularly and intraparenchymally [10,14,126]. These observations raise the
possibility that the same pathologic mechanisms might contribute to the progression of
both diseases.

Although many of the inflammatory pathways described for AD would apply directly
to DS, there are some particular inflammatory genes on chromosome 21 that affect inflamma-
tory responses in the DS brain, including a highly expressed CXADR gene, which functions
as an adhesion molecule and is associated with endothelial tight junctions [127,128]. It has
been shown that CXADR not only can induce stress-activated mitogen-activated protein
kinase (MAPK) pathways in the heart leading to increased production of IFNγ, IL-12,
IL-1β, TNFα, and IL-6 but also has a significant role in BBB permeability facilitating trans-
endothelial migration of neutrophils [127]. The increased migration of neutrophils damages
the tight junction and increases the permeability of the BBB. This damage occurs when
neutrophil elastase (NE) is released, disrupting cadherin–cadherin binding, thus increasing
BBB permeability [129,130]. We can conclude that altered expression of the CXADR gene on
the endothelial cells of the cerebral vasculature in DS subjects can affect inflammatory cells’
infiltration into the brain, such as neutrophils, and influence the inflammatory response.

DS patients are generally believed to be exposed to excessive amounts of oxidative
stress due to dosage imbalances of the cytoplasmic enzyme Cu2+/Zn2+ superoxide dis-
mutase (SOD-1) gene, which is also found in Chr 21 [131,132]. SOD plays a fundamental
role in regulating reactive oxygen species (ROS) levels, a major contributor to oxidative
stress, neuronal death, and disease progression [133]. Chronic neutrophil activation may
exacerbate motor neuron degeneration in DS by producing reactive oxygen species. Indeed,
neutrophils have been implicated in other neurodegenerative diseases such as AD [134] and
produce significantly higher levels of reactive oxygen species in these patients [135], which
is plausible since the functionally deleterious role of neutrophils in AD could be mirrored
in DS. We can therefore suggest inhibiting NADPH oxidase enzymes (NOX) as a potential
target to reduce ROS, leading to decreased capillary stalling and increased CBF [136].

4.9. Frontotemporal Dementia (FTD)

FTD is the second most common form of dementia and is a collection of neurodegen-
erative disorders affecting mainly the frontal and temporal lobes of the brain. Its symptom
can vary widely between persons, but some include behavioral changes such as a lack of
empathy, increased inappropriate social behavior, speech and language problems, and mo-
tor disorders [137]. Neuroinflammation, macrophage infiltration, and microglial activation
are reported in some patients with FTD [138,139]. Although microglia are thought to be
one of the critical immune cells in the progression of FTD [140], recent data indicate the
involvement of other immune cells in the disease progression. Employing a mouse model
with frontotemporal lobular degeneration, the authors observed the differential expression
of genes associated with neutrophils and monocytes [141]. Moreover, the presence of the
neutrophilic protein, 37 kDa cationic antimicrobial protein (CAP37), is detected in the brain
of a patient with FTD, indicating the involvement of neutrophils in this disease [21].

Another critically important protein in FTD is progranulin, whose mutation is a major
cause of the onset and progression of the disease [142]. Progranulin involves multiple path-
ways, from wound healing after injury to inflammation [143]. Single-nucleus RNA sequencing
of FTD patients’ cerebral cortex has shown profound neurovascular dysfunction [144]. Interest-
ingly, there is also a dynamic interaction between neutrophils and progranulin; neutrophils
release serine protease, and elastase can cleave progranulin into smaller fragments of gran-
ulin peptides [145]. At least, one of the granulin fragments, granulin-B, has been shown
to elicit an inflammatory response [142]. In contrast, another neutrophil-secreted protein,
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leukocyte protease inhibitor-1 (SLP-1), can inhibit the generation of granulin fragments
from progranulin [146]. Therefore, understanding the role of innate immune cells such
as neutrophils in the progression or resolution of FTD is crucial and might lead to the
development of therapeutic interventions.

5. Contribution of Neutrophils in Alzheimer’s Disease (AD)

An increasing number of studies provide evidence indicating that inflammation and
the innate immune system play a pivotal role in the development of AD [147]. Therefore,
neutrophil activation and alteration may contribute to increased vascular inflammation
associated with AD [148]. A study conducted with a transgenic mouse model of AD re-
vealed that neutrophil depletion significantly reduced Alzheimer-like neuropathology and
improved memory in mice with cognitive deficits [14]. One of the pathological hallmarks
of Alzheimer’s disease is the generation of senile plaques that make up beta-amyloid
peptides (Aβ) [149]. Aβ plays an essential role in recruiting neutrophils to inflamed tissues
by triggering a shift in lymphocyte function-associated antigen-1 (LFA-1) from a low to
high-affinity state, resulting in increased LFA1-dependent adhesion of neutrophils in AD
mouse models [14]. High-affinity LFA-1 may also signal the arrest of neutrophils within the
parenchyma, causing neutrophil accumulation and leading to the widespread neutrophil-
dependent central nervous system (CNS) damage [14]. The data suggest an interaction
between the innate immune system and senile plaques linking the periphery with the
CNS [150]. Furthermore, the adhesion molecule, Mac-1 (CD11b/CD18), is expressed at
higher levels in sporadic AD patients than in control patients. This increase may be corre-
lated with disease severity and the progression of dementia [151]. It should also be noted
that the α subunit of Mac-1, CD11b, is thought to be expressed exclusively on leukocytes,
where it interacts with the adhesion molecule-1 (ICAM-1, CD54) and other endothelial
surface ligands [152]. In this regard, the significant elevation in blood neutrophils, Mac-1, in
AD patients suggests a state of neutrophil activation. This activation is likely a consequence
of increased levels of TNF-α, IL-6, ICAM-1, CRP, and other inflammatory-immune markers
observed in AD patients’ serum (Figure 3) [151,153,154].

Neutrophil-associated inflammatory proteins may affect memory and executive func-
tion in patients with AD. Lipocalin-2 (LCN2), a pro-inflammatory molecule secreted into
the peripheral circulation by neutrophils, is believed to cause cognitive decline [148,155].
Accordingly, several studies have reported the upregulation of LCN2 in AD mouse models
and patients’ serum and brain tissue [156–158]. How LCN2 contributes to cognitive decline
in AD patients is not fully understood. LNC2 may affect neutrophil adhesion by altering the
expression of the neutrophil adhesion factors CD62L (L-selectin), Mac-1 (CD11b/CD18.),
and CD51/CD61 (αvβ3) [159], and the increased adhesion causes an over activation of the
inflammatory cascade. The overactivation, in turn, may reduce proper cellular function
contributing to neuronal dysfunction. It is unclear how LCN2 contributes to cognitive
decline in AD patients. It may affect neutrophil adhesion by altering the expression of
neutrophil adhesion factors CD62L (L-selectin), Mac-1 (CD11b/CD18.), and CD51/CD61
(αvβ3). It is also possible that LCN2 induces chemokine production and enhances neu-
trophil trafficking into the brain. In addition to LCN2, four different neutrophil adhesive
and activation promoter proteins have been associated with executive function deficits
in mild AD, including MPO, IL-8, TNF -α, and MIP-1β (CCL4) [148]. We can therefore
conclude that neutrophil-associated inflammatory proteins and their related pathways
potentially contribute to AD progression and severity.
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Figure 3. Diagrammatic representation of cellular events in the Alzheimer’s vasculature. Increased
deposition of amyloid plaques in the brain leads to inflammatory processes; reactive microglia and
astrocytes release pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 are released to the bloodstream
and attract and activate innate immune cells such as neutrophils and platelets. Peripheral inflamma-
tion contributes to reactive neutrophils and platelets. Those, in turn, are more prone to react with
blood vessels, likely at sites of reduced blood–brain barrier permeability. Neutrophils are now more
likely to stall blood vessels and degranulation inside the vessels. Furthermore, neutrophils interact
with reactive platelets, transmigrate into the brain parenchyma, undergo degranulation and NETosis,
and secrete reactive oxygen species and pro-inflammatory chemokines and cytokines. This vicious
cycle contributes to low-level chronic inflammation in patients with Alzheimer’s.

The tight cohesion of leukocytes causes capillary stalling to the cortical capillary
endothelium. This adhesion contributes to cerebral blood flow (CBF) reduction in mouse
models of AD. Studies have shown the contribution of pro-inflammatory mediators such
as IL-1β, IL-6, and TNF-α increased vascular inflammation and likely increased capillary
stalling [160]. Elevated levels of inflammatory cytokines can enhance neutrophil infiltration,
which may also contribute to a decrease in CBF. In this regard, Cruz Hernández et al.
investigated the role of neutrophil adhesion in capillary segments, which exacerbates
AD symptoms due to CBF reduction. By administrating a fluorescently tagged antibody
against the neutrophil marker Ly6G, they could detect immediate improvement in CBF
in amyloid precursor proteins (APP) mice [134]. In patients and mouse models of AD,
elevated NADPH-oxidase 2 (NOX2) increases oxidative stress in the microvasculature,
and oxidative stress contributes to capillary stalling and vascular inflammation. A recent
preprint has demonstrated in an AD mouse model, that inhibiting NOX2 improves short-
term memory [135,161]. These improvements were associated with increases in CBF by
reducing capillary stalling in the APP/PS1 mouse model [135]. Although neutrophils
impact AD progression and severity, very little is known about the mechanism affecting
neutrophil changes.

Neutrophils tend to act in different forms when pathogens invade. These changes
include ROS production causing an oxidative burst, phagocytosis, and degranulation.
Neutrophils have elevated amounts of NADPH-oxidase, which has the essential function
of generating reactive oxygen species [162]. Elevated levels of ROS lead to neutrophil
hyperactivation and increase NET formation. As neutrophils are a crucial medium for
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inflammation-activated vascular and tissue damage, the inappropriate activation of neu-
trophils may cause oxidative stress and magnifies inflammatory responses. Neutrophil acti-
vation can also trigger apoptosis and hamper their ability to function full-fledged against
the impulse [134]. The experimental analysis noted that the flow of aged neutrophils
increases ROS production, which is directly related to Aβ deposition in patients [163,164].

6. Conclusions and Future Perspectives

It has become evident that neutrophils are not only important as first responders
after infection or injury following a static response. Neutrophils can react dynamically
and highly sophisticatedly to orchestrate a response fighting the threat and attract other
immune cells. In aging and neurological diseases, neutrophils appear more activated,
likely driving a vicious cycle, further increasing the low-level chronic vascular inflamma-
tion associated with neurological diseases. These reactive neutrophils will likely release
pro-inflammatory cytokines and chemokines, forming more NETs in the vessels and the
parenchyma. Moreover, the inflammasome was shown to be more active in neurological
diseases such as Alzheimer’s, driving further NET formation [165,166]. Altogether, these
factors drive an inflammatory environment in the periphery and the brain even further.

It is imminent, despite their short lifespan, that neutrophils are contributing to the
increased inflammation associated with neurological disease development, so that inhibit-
ing reactive neutrophils could contribute to slower disease progression. Therefore, a better
understanding of neutrophil behaviors in neurological diseases will be crucial to better
understanding the transition to more reactive neutrophils. The question of neutrophil
heterogeneity is still very much open and needs further investigation using singe-cell and
other approaches. Overall, due to the nature of neutrophils, in vivo, studies are critical
to investigate neutrophils in the tissue and their interaction with the vasculature or sites
of injury.

Neutrophils are significantly different between rodent models and humans, and this
needs to be considered when interpreting results. Furthermore, sterile housing condi-
tions also significantly impact neutrophil maturation and the immune system in model
organisms [167,168]. For example, wild mice can be used or co-housed with pet-shop mice
to make the immune system more mature [169]. Another example to address this problem
is the recently humanized neutrophil mouse model [170]. More studies are needed to
overcome these shortcomings.

There are many open questions which mean more research in model organisms, and
patient is needed to understand the specific contributions of neutrophils in neurological
diseases. However, neutrophils eventually drive inflammation in the vasculature and
contribute to aging and age-related disease.
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61. Erdener, Ş.E.; Tang, J.; Kılıç, K.; Postnov, D.; Giblin, J.T.; Kura, S.; Chen, I.C.A.; Vayisoğlu, T.; Sakadžić, S.; Schaffer, C.B.; et al.
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62. Uçar, C.A.; Çokal, B.G.; Artık, H.A.; Inan, L.E.; Yoldaş, T.K. Comparison of neutrophil–lymphocyte ratio (NLR) in Parkinson’s
disease subtypes. Neurol. Sci. 2017, 38, 287–293. [CrossRef] [PubMed]

63. Bogdan, C. Nitric oxide and the immune response. Nat. Immunol. 2001, 2, 907–916. [CrossRef] [PubMed]
64. Gatto, E.M.; Riobó, N.A.; Carreras, M.C.; Cherñavsky, A.; Rubio, A.; Satz, M.L.; Poderoso, J.J. Overexpression of neutrophil

neuronal nitric oxide synthase in Parkinson’s disease. Nitric Oxide 2000, 4, 534–539. [CrossRef]
65. Manda-Handzlik, A.; Bystrzycka, W.; Cieloch, A.; Glodkowska-Mrowka, E.; Jankowska-Steifer, E.; Heropolitanska-Pliszka, E.;

Skrobot, A.; Muchowicz, A.; Ciepiela, O.; Wachowska, M.; et al. Nitric oxide and peroxynitrite trigger and enhance release of
neutrophil extracellular traps. Cell. Mol. Life Sci. 2020, 77, 3059–3075. [CrossRef] [PubMed]

66. Fan, Y.; Howden, A.J.; Sarhan, A.R.; Lis, P.; Ito, G.; Martinez, T.N.; Brockmann, K.; Gasser, T.; Alessi, D.R.; Sammler, E.M.
Interrogating Parkinson’s disease LRRK2 kinase pathway activity by assessing Rab10 phosphorylation in human neutrophils.
Biochem. J. 2018, 475, 23–44. [CrossRef] [PubMed]

67. Muñoz-Delgado, L.; Macías-García, D.; Jesús, S.; Martín-Rodríguez, J.F.; Labrador-Espinosa, M.Á.; Jiménez-Jaraba, M.V.; Adarmes-
Gómez, A.; Carrillo, F.; Mir, P. Peripheral Immune Profile and Neutrophil-to-Lymphocyte Ratio in Parkinson’s Disease. Mov.
Disord. 2021, 36, 2426–2430. [CrossRef] [PubMed]

68. Hu, B.; Guo, H.; Zhou, P.; Shi, Z.L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141–154.
[CrossRef]

69. McKenna, E.; Wubben, R.; Isaza-Correa, J.M.; Melo, A.M.; Mhaonaigh, A.U.; Conlon, N.; O’donnell, J.S.; Cheallaigh, C.N.; Hurley,
T.; Stevenson, N.J.; et al. Neutrophils in COVID-19: Not Innocent Bystanders. Front. Immunol. 2022, 13, 864387. [CrossRef]

70. Groff, D.; Sun, A.; Ssentongo, A.E.; Ba, D.M.; Parsons, N.; Poudel, G.R.; Lekoubou, A.; Oh, J.S.; Ericson, J.E.; Ssentongo, P.; et al.
Short-term and Long-term Rates of Postacute Sequelae of SARS-CoV-2 Infection: A Systematic Review. JAMA Netw. Open 2021,
4, e2128568. [CrossRef]

71. George, P.M.; Reed, A.; Desai, S.R.; Devaraj, A.; Faiez, T.S.; Laverty, S.; Kanwal, A.; Esneau, C.; Liu, M.K.; Kamal, F.; et al. A
persistent neutrophil-associated immune signature characterizes post–COVID-19 pulmonary sequelae. Sci. Transl. Med. 2022,
14, eabo5795. [CrossRef] [PubMed]

72. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; et al. A new coronavirus
associated with human respiratory disease in China. Nature 2020, 579, 265–269. [CrossRef]

73. Østergaard, L. SARS-CoV-2 related microvascular damage and symptoms during and after COVID-19: Consequences of capillary
transit-time changes, tissue hypoxia and inflammation. Physiol. Rep. 2021, 9, e14726. [CrossRef] [PubMed]

74. Lowenstein, C.J.; Solomon, S.D. Severe COVID-19 is a Microvascular Disease. Circulation 2020, 142, 1609–1611. [CrossRef]
[PubMed]

75. Buzhdygan, T.P.; DeOre, B.J.; Baldwin-Leclair, A.; Bullock, T.A.; McGary, H.M.; Khan, J.A.; Razmpour, R.; Hale, J.F.; Galie, P.A.;
Potula, R.; et al. The SARS-CoV-2 spike protein alters barrier function in 2D static and 3D microfluidic in-vitro models of the
human blood-brain barrier. Neurobiol. Dis. 2020, 146, 105131. [CrossRef]

76. Krasemann, S.; Glatzel, M.; Pless, O. Response to: SARS-CoV-2 and type I interferon signaling in brain endothelial cells: Blurring
the lines between friend or foe. Stem Cell Rep. 2022, 17, 1014–1015. [CrossRef]

77. Hirunpattarasilp, C.; James, G.; Kwanthongdee, J.; Freitas, F.; Huo, J.; Sethi, H.; Kittler, J.T.; Owens, R.J.; McCoy, L.E.; Attwell, D.
SARS-CoV-2 triggers pericyte-mediated cerebral capillary constriction. Brain 2023, 146, 727–738. [CrossRef]

78. Sloop, G.D.; Pop, G.; Weidman, J.J.; Cyr, J.A.S. COVID-19 Demonstrates That Inflammation Is a Hyperviscous State. Cureus 2022,
14, e30603. [CrossRef]

79. Machiela, E.; Jeloka, R.; Caron, N.S.; Mehta, S.; Schmidt, M.E.; Baddeley, H.J.E.; Tom, C.M.; Polturi, N.; Xie, Y.; Mattis, V.B.; et al.
The Interaction of Aging and Cellular Stress Contributes to Pathogenesis in Mouse and Human Huntington Disease Neurons.
Front. Aging Neurosci. 2020, 12, 524369. [CrossRef]

80. Chang, K.-H.; Wu, Y.-R.; Chen, Y.-C.; Chen, C.-M. Plasma inflammatory biomarkers for Huntington’s disease patients and mouse
model. Brain Behav. Immun. 2015, 44, 121–127. [CrossRef]

81. Kwan, W.; Träger, U.; Davalos, D.; Chou, A.; Bouchard, J.; Andre, R.; Miller, A.; Weiss, A.; Giorgini, F.; Cheah, C.; et al. Mutant
huntingtin impairs immune cell migration in Huntington disease. J. Clin. Investig. 2012, 122, 4737–4747. [CrossRef] [PubMed]

82. Desport, J.C.; Preux, P.M.; Magy, L.; Boirie, Y.; Vallat, J.M.; Beaufrère, B.; Couratier, P. Factors correlated with hypermetabolism in
patients with amyotrophic lateral sclerosis. Am. J. Clin. Nutr. 2001, 74, 328–334. [CrossRef] [PubMed]

83. Beers, D.R.; Appel, S.H. Immune dysregulation in amyotrophic lateral sclerosis: Mechanisms and emerging therapies. Lancet
Neurol. 2019, 18, 211–220. [CrossRef]

84. Ehrhart, J.; Smith, A.J.; Kuzmin-Nichols, N.; Zesiewicz, T.A.; Jahan, I.; Shytle, R.D.; Kim, S.-H.; Sanberg, C.D.; Vu, T.H.;
Gooch, C.L.; et al. Humoral factors in ALS patients during disease progression. J. Neuroinflamm. 2015, 12, 127. [CrossRef]

85. Aebischer, J.; Moumen, A.; Sazdovitch, V.; Seilhean, D.; Meininger, V.; Raoul, C. Elevated levels of IFNγ and LIGHT in the spinal
cord of patients with sporadic amyotrophic lateral sclerosis. Eur. J. Neurol. 2012, 19, 752–759. [CrossRef] [PubMed]

86. Jones, S.A.; Richards, P.J.; Scheller, J.; Rose-John, S. IL-6 transsignaling: The in vivo consequences. J. Interferon Cytokine Res. 2005,
25, 241–253. [CrossRef]

87. Rose-John, S.; Waetzig, G.H.; Scheller, J.; Grötzinger, J.; Seegert, D. The IL-6/sIL-6R complex as a novel target for therapeutic
approaches. Expert Opin. Ther. Targets 2007, 11, 613–624. [CrossRef]

https://doi.org/10.1007/s10072-016-2758-8
https://www.ncbi.nlm.nih.gov/pubmed/27837368
https://doi.org/10.1038/ni1001-907
https://www.ncbi.nlm.nih.gov/pubmed/11577346
https://doi.org/10.1006/niox.2000.0288
https://doi.org/10.1007/s00018-019-03331-x
https://www.ncbi.nlm.nih.gov/pubmed/31650185
https://doi.org/10.1042/BCJ20170803
https://www.ncbi.nlm.nih.gov/pubmed/29127255
https://doi.org/10.1002/mds.28685
https://www.ncbi.nlm.nih.gov/pubmed/34101890
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.3389/fimmu.2022.864387
https://doi.org/10.1001/jamanetworkopen.2021.28568
https://doi.org/10.1126/scitranslmed.abo5795
https://www.ncbi.nlm.nih.gov/pubmed/36383686
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.14814/phy2.14726
https://www.ncbi.nlm.nih.gov/pubmed/33523608
https://doi.org/10.1161/CIRCULATIONAHA.120.050354
https://www.ncbi.nlm.nih.gov/pubmed/32877231
https://doi.org/10.1016/j.nbd.2020.105131
https://doi.org/10.1016/j.stemcr.2022.04.012
https://doi.org/10.1093/brain/awac272
https://doi.org/10.7759/cureus.30603
https://doi.org/10.3389/fnagi.2020.524369
https://doi.org/10.1016/j.bbi.2014.09.011
https://doi.org/10.1172/JCI64484
https://www.ncbi.nlm.nih.gov/pubmed/23160193
https://doi.org/10.1093/ajcn/74.3.328
https://www.ncbi.nlm.nih.gov/pubmed/11522556
https://doi.org/10.1016/S1474-4422(18)30394-6
https://doi.org/10.1186/s12974-015-0350-4
https://doi.org/10.1111/j.1468-1331.2011.03623.x
https://www.ncbi.nlm.nih.gov/pubmed/22221541
https://doi.org/10.1089/jir.2005.25.241
https://doi.org/10.1517/14728222.11.5.613


Biomolecules 2023, 13, 743 16 of 19

88. Garbuzova-Davis, S.; Ehrhart, J.; Sanberg, P.R.; Borlongan, C.V. Potential Role of Humoral IL-6 Cytokine in Mediating Pro-
Inflammatory Endothelial Cell Response in Amyotrophic Lateral Sclerosis. Int. J. Mol. Sci. 2018, 19, 423. [CrossRef]

89. Leggate, M.; Nowell, M.A.; Jones, S.A.; Nimmo, M.A. The response of interleukin-6 and soluble interleukin-6 receptor isoforms
following intermittent high intensity and continuous moderate intensity cycling. Cell Stress Chaperones 2010, 15, 827–833.
[CrossRef]

90. Müllberg, J.; Dittrich, E.; Graeve, L.; Gerhartz, C.; Yasukawa, K.; Taga, T.; Kishimoto, T.; Heinrich, P.C.; Rose-John, S. Differential
shedding of the two subunits of the interleukin-6 receptor. FEBS Lett. 1993, 332, 174–178. [CrossRef]

91. Murdock, B.J.; Goutman, S.A.; Boss, J.; Kim, S.; Feldman, E.L. Amyotrophic Lateral Sclerosis Survival Associates with Neutrophils
in a Sex-specific Manner. Neurol. Neuroimmunol. Neuroinflamm. 2021, 8, e953. [CrossRef] [PubMed]

92. Murdock, B.J.; Bender, D.E.; Kashlan, S.R.; Figueroa-Romero, C.; Backus, C.; Callaghan, B.C.; Goutman, S.A.; Feldman, E.L.
Increased ratio of circulating neutrophils to monocytes in amyotrophic lateral sclerosis. Neurol. Neuroimmunol. Neuroinflamm.
2016, 3, e242. [CrossRef] [PubMed]

93. Shang, H.-F.; Wei, Q.-Q.; Hou, Y.-B.; Zhang, L.-Y.; Ou, R.-W.; Cao, B.; Chen, Y.-P. Neutrophil-to-lymphocyte ratio in sporadic
amyotrophic lateral sclerosis. Neural Regen. Res. 2022, 17, 875. [CrossRef] [PubMed]

94. Leone, M.A.; Mandrioli, J.; Russo, S.; Cucovici, A.; Gianferrari, G.; Lisnic, V.; Muresanu, D.F.; Giuliani, F.; Copetti, M.; The Pooled
Resource Open-Access ALS Clinical Trials Consortium; et al. Neutrophils-to-Lymphocyte Ratio Is Associated with Progression
and Overall Survival in Amyotrophic Lateral Sclerosis. Biomedicines 2022, 10, 354. [CrossRef] [PubMed]

95. Arecco, N.; Clarke, C.J.; Jones, F.K.; Simpson, D.M.; Mason, D.; Beynon, R.J.; Pisconti, A. Elastase levels and activity are increased
in dystrophic muscle and impair myoblast cell survival, proliferation and differentiation. Sci. Rep. 2016, 6, 24708. [CrossRef]
[PubMed]

96. Moulding, D.A.; Hart, C.A.; Edwards, S.W. Regulation of neutrophil FcγRIIIb (CD16) surface expression following delayed
apoptosis in response to GM-CSF and sodium butyrate. J. Leukoc. Biol. 1999, 65, 875–882. [CrossRef]

97. McGill, R.B.; Steyn, F.J.; Ngo, S.T.; Thorpe, K.A.; Heggie, S.; Ruitenberg, M.J.; Henderson, R.D.; McCombe, P.A.; Woodruff, T.M.
Monocytes and neutrophils are associated with clinical features in amyotrophic lateral sclerosis. Brain Commun. 2020, 2, fcaa013.
[CrossRef]

98. Murdock, B.J.; Zhou, T.; Kashlan, S.R.; Little, R.J.; Goutman, S.A.; Feldman, E.L. Correlation of Peripheral Immunity with Rapid
Amyotrophic Lateral Sclerosis Progression. JAMA Neurol. 2017, 74, 1446–1454. [CrossRef]

99. Kim, C.F.; Moalem-Taylor, G. Detailed characterization of neuro-immune responses following neuropathic injury in mice. Brain
Res. 2011, 1405, 95–108. [CrossRef]

100. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638. [CrossRef]
101. Zhou, Q.; Jia, R.; Dang, J. Correlation between the Neutrophil-to-Lymphocyte Ratio and Multiple Sclerosis: Recent Understanding

and Potential Application Perspectives. Neurol. Res. Int. 2022, 2022, 3265029. [CrossRef] [PubMed]
102. Wojkowska, D.; Szpakowski, P.; Ksiazek-Winiarek, D.; Leszczynski, M.; Glabinski, A. Interactions between Neutrophils, Th17

Cells, and Chemokines during the Initiation of Experimental Model of Multiple Sclerosis. Mediat. Inflamm. 2014, 2014, 590409.
[CrossRef] [PubMed]

103. Huppert, J.; Closhen, D.; Croxford, A.; White, R.; Kulig, P.; Pietrowski, E.; Bechmann, I.; Becher, B.; Luhmann, H.J.;
Waisman, A.; et al. Cellular mechanisms of IL-17-induced blood-brain barrier disruption. FASEB J. 2010, 24, 1023–1034. [CrossRef]
[PubMed]

104. Khaw, Y.M.; Cunningham, C.; Tierney, A.; Sivaguru, M.; Inoue, M. Neutrophil-selective deletion of Cxcr2 protects against CNS
neurodegeneration in a mouse model of multiple sclerosis. J. Neuroinflamm. 2020, 17, 49. [CrossRef]

105. Liu, L.; Belkadi, A.; Darnall, L.; Hu, T.; Drescher, C.; Cotleur, A.C.; Padovani-Claudio, D.; He, T.; Choi, K.; Lane, T.E.; et al.
CXCR2-positive neutrophils are essential for cuprizone-induced demyelination: Relevance to multiple sclerosis. Nat. Neurosci.
2010, 13, 319–326. [CrossRef] [PubMed]

106. Naegele, M.; Tillack, K.; Reinhardt, S.; Schippling, S.; Martin, R.; Sospedra, M. Neutrophils in multiple sclerosis are characterized
by a primed phenotype. J. Neuroimmunol. 2012, 242, 60–71. [CrossRef]

107. Hertwig, L.; Pache, F.; Romero-Suarez, S.; Stürner, K.H.; Borisow, N.; Behrens, J.; Bellmann-Strobl, J.; Seeger, B.; Asselborn, N.;
Ruprecht, K.; et al. Distinct functionality of neutrophils in multiple sclerosis and neuromyelitis optica. Mult. Scler. J. 2016, 22,
160–173. [CrossRef]

108. De Bondt, M.; Hellings, N.; Opdenakker, G.; Struyf, S. Neutrophils: Underestimated Players in the Pathogenesis of Multiple
Sclerosis (MS). Int. J. Mol. Sci. 2020, 21, 4558. [CrossRef]

109. Lund, B.T.; Ashikian, N.; Ta, H.Q.; Chakryan, Y.; Manoukian, K.; Groshen, S.; Gilmore, W.; Cheema, G.S.; Stohl, W.;
Burnett, M.E.; et al. Increased CXCL8 (IL-8) expression in Multiple Sclerosis. J. Neuroimmunol. 2004, 155, 161–171. [CrossRef]

110. Costantini, C.; Micheletti, A.; Calzetti, F.; Perbellini, O.; Pizzolo, G.; Cassatella, M.A. Neutrophil activation and survival are
modulated by interaction with NK cells. Int. Immunol. 2010, 22, 827–838. [CrossRef]

111. Tillack, K.; Naegele, M.; Haueis, C.; Schippling, S.; Wandinger, K.-P.; Martin, R.; Sospedra, M. Gender differences in circulating
levels of neutrophil extracellular traps in serum of multiple sclerosis patients. J. Neuroimmunol. 2013, 261, 108–119. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms19020423
https://doi.org/10.1007/s12192-010-0192-z
https://doi.org/10.1016/0014-5793(93)80507-Q
https://doi.org/10.1212/NXI.0000000000000953
https://www.ncbi.nlm.nih.gov/pubmed/33531377
https://doi.org/10.1212/NXI.0000000000000242
https://www.ncbi.nlm.nih.gov/pubmed/27308304
https://doi.org/10.4103/1673-5374.322476
https://www.ncbi.nlm.nih.gov/pubmed/34472488
https://doi.org/10.3390/biomedicines10020354
https://www.ncbi.nlm.nih.gov/pubmed/35203564
https://doi.org/10.1038/srep24708
https://www.ncbi.nlm.nih.gov/pubmed/27241590
https://doi.org/10.1002/jlb.65.6.875
https://doi.org/10.1093/braincomms/fcaa013
https://doi.org/10.1001/jamaneurol.2017.2255
https://doi.org/10.1016/j.brainres.2011.06.022
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1155/2022/3265029
https://www.ncbi.nlm.nih.gov/pubmed/36340639
https://doi.org/10.1155/2014/590409
https://www.ncbi.nlm.nih.gov/pubmed/24692851
https://doi.org/10.1096/fj.09-141978
https://www.ncbi.nlm.nih.gov/pubmed/19940258
https://doi.org/10.1186/s12974-020-1730-y
https://doi.org/10.1038/nn.2491
https://www.ncbi.nlm.nih.gov/pubmed/20154684
https://doi.org/10.1016/j.jneuroim.2011.11.009
https://doi.org/10.1177/1352458515586084
https://doi.org/10.3390/ijms21124558
https://doi.org/10.1016/j.jneuroim.2004.06.008
https://doi.org/10.1093/intimm/dxq434
https://doi.org/10.1016/j.jneuroim.2013.05.004
https://www.ncbi.nlm.nih.gov/pubmed/23735283


Biomolecules 2023, 13, 743 17 of 19

112. Haghighatfard, A.; Asl, E.Y.; Bahadori, R.A.; Aliabadian, R.; Farhadi, M.; Mohammadpour, F.; Tabrizi, Z. FOXP2 down expression
is associated with executive dysfunctions and electrophysiological abnormalities of brain in Autism spectrum disorder; a
neuroimaging genetic study. Autism Dev. Lang. Impair. 2022, 7, 23969415221126391. [CrossRef] [PubMed]

113. Nadeem, A.; Ahmad, S.F.; Attia, S.M.; Al-Ayadhi, L.Y.; Bakheet, S.A.; Al-Harbi, N.O. Oxidative and inflammatory mediators are
upregulated in neutrophils of autistic children: Role of IL-17A receptor signaling. Prog. Neuro Psychopharmacol. Biol. Psychiatry
2019, 90, 204–211. [CrossRef] [PubMed]

114. He, X.; Zhou, M.; Yang, T.; Ren, J.-K.; Sun, L.; Liu, T.-Y.; Sun, J.-B.; Ma, P.-J.; Liu, H.-T.; Fang, J.-Q.; et al. Early postnatal activation
of A2ARs alleviates social deficits by attenuating the abnormal infiltration of peripheral neutrophils in the BTBR T + Itpr3 tf/J
mouse model of autism. Res. Sq. 2022, preprint. [CrossRef]

115. Akintunde, M.E.; Rose, M.; Krakowiak, P.; Heuer, L.; Ashwood, P.; Hansen, R.; Hertz-Picciotto, I.; Van de Water, J. Increased
production of IL-17 in children with autism spectrum disorders and co-morbid asthma. J. Neuroimmunol. 2015, 286, 33–41.
[CrossRef] [PubMed]

116. Nadeem, A.; Ahmad, S.F.; Al-Harbi, N.O.; Attia, S.M.; Bakheet, S.A.; Ibrahim, K.E.; Alqahtani, F.; Alqinyah, M. Nrf2 activator,
sulforaphane ameliorates autism-like symptoms through suppression of Th17 related signaling and rectification of oxidant-
antioxidant imbalance in periphery and brain of BTBR T+tf/J mice. Behav. Brain Res. 2019, 364, 213–224. [CrossRef]

117. Nadeem, A.; Ahmad, S.F.; Al-Harbi, N.O.; Al-Ayadhi, L.Y.; Alanazi, M.M.; Alfardan, A.S.; Attia, S.M.; Algahtani, M.; Bakheet, S.A.
Dysregulated Nrf2 signaling in response to di(2-ethylhexyl) phthalate in neutrophils of children with autism. Int. Immunopharma-
col. 2022, 106, 108619. [CrossRef]

118. Bisset, L.R.; Schmid-Grendelmeier, P. Chemokines and their receptors in the pathogenesis of allergic asthma: Progress and
perspective. Curr. Opin. Pulm. Med. 2005, 11, 35–42. [CrossRef]

119. Mostafa, G.A.; Al-Ayadhi, L.Y. The possible link between elevated serum levels of epithelial cell-derived neutrophil-activating
peptide-78 (ENA-78/CXCL5) and autoimmunity in autistic children. Behav. Brain Funct. 2015, 11, 11. [CrossRef]

120. Wang, H.; Yin, Y.-X.; Gong, D.-M.; Hong, L.-J.; Wu, G.; Jiang, Q.; Wang, C.-K.; Blinder, P.; Long, S.; Han, F.; et al. Cathepsin B
inhibition ameliorates leukocyte-endothelial adhesion in the BTBR mouse model of autism. CNS Neurosci. Ther. 2019, 25, 476–485.
[CrossRef]

121. Fortea, J.; Quiroz, Y.T.; Ryan, N.S. Lessons from Down syndrome and autosomal dominant Alzheimer’s disease. Lancet Neurol.
2023, 22, 5–6. [CrossRef]

122. Boerwinkle, A.H.; Gordon, B.A.; Wisch, J.; Flores, S.; Henson, R.L.; Butt, O.H.; McKay, N.; Chen, C.D.; Benzinger, T.L.;
Fagan, A.M.; et al. Comparison of amyloid burden in individuals with Down syndrome versus autosomal dominant Alzheimer’s
disease: A cross-sectional study. Lancet Neurol. 2023, 22, 55–65. [CrossRef] [PubMed]

123. Ram, G.; Chinen, J. Infections and immunodeficiency in Down syndrome. Clin. Exp. Immunol. 2011, 164, 9–16. [CrossRef]
[PubMed]

124. Huggard, D.; Kelly, L.; Ryan, E.; McGrane, F.; Lagan, N.; Roche, E.; Balfe, J.; Leahy, T.R.; Franklin, O.; Doherty, D.; et al. Increased
systemic inflammation in children with Down syndrome. Cytokine 2020, 127, 154938. [CrossRef] [PubMed]

125. Huggard, D.; Koay, W.J.; Kelly, L.; McGrane, F.; Ryan, E.; Lagan, N.; Roche, E.; Balfe, J.; Leahy, T.R.; Franklin, O.; et al. Altered
Toll-like Receptor Signalling in Children with Down Syndrome. Mediat. Inflamm. 2019, 2019, 4068734. [CrossRef]

126. Clark, S.R.; Ma, A.C.; Tavener, S.A.; McDonald, B.; Goodarzi, Z.; Kelly, M.M.; Patel, K.D.; Chakrabarti, S.; McAvoy, E.; Sinclair,
G.D.; et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nat. Med. 2007, 13, 463–469.
[CrossRef]

127. Wilcock, D.M. Neuroinflammation in the aging down syndrome brain; lessons from Alzheimer’s disease. Curr. Gerontol. Geriatr.
Res. 2012, 2012, 170276. [CrossRef]

128. Tomko, R.P.; Xu, R.; Philipson, L. HCAR and MCAR: The human and mouse cellular receptors for subgroup C adenoviruses and
group B coxsackieviruses. Proc. Natl. Acad. Sci. USA 1997, 94, 3352–3356. [CrossRef]

129. Allport, J.R.; Ding, H.; Collins, T.; Gerritsen, M.E.; Luscinskas, F.W. Endothelial-dependent Mechanisms Regulate Leukocyte
Transmigration: A Process Involving the Proteasome and Disruption of the Vascular Endothelial–Cadherin Complex at Endothelial
Cell-to-Cell Junctions. J. Exp. Med. 1997, 186, 517–527. [CrossRef]

130. Bolton, S.; Anthony, D.; Perry, V. Loss of the tight junction proteins occludin and zonula occludens-1 from cerebral vascular
endothelium during neutrophil-induced blood–brain barrier breakdown in vivo. Neuroscience 1998, 86, 1245–1257. [CrossRef]

131. Akinci, O.; Mihci, E.; Tacoy, S.; Kardelen, F.; Keser, I.; Aslan, M. Neutrophil oxidative metabolism in Down syndrome patients
with congenital heart defects. Environ. Mol. Mutagen. 2010, 51, 57–63. [CrossRef]

132. Zemlan, F.P.; Thienhaus, O.J.; Bosmann, H.B. Superoxide dismutase activity in Alzheimer’s disease: Possible mechanism for
paired helical filament formation. Brain Res. 1989, 476, 160–162. [CrossRef] [PubMed]

133. Ferrari, M.; Stagi, S. Oxidative Stress in Down and Williams-Beuren Syndromes: An Overview. Molecules 2021, 26, 3139. [CrossRef]
[PubMed]

134. Dong, Y.; Lagarde, J.; Xicota, L.; Corne, H.; Chantran, Y.; Chaigneau, T.; Crestani, B.; Bottlaender, M.; Potier, M.C.;
Aucouturier, P.; et al. Neutrophil hyperactivation correlates with Alzheimer’s disease progression. Ann. Neurol. 2018, 83, 387–405.
[CrossRef] [PubMed]

https://doi.org/10.1177/23969415221126391
https://www.ncbi.nlm.nih.gov/pubmed/36382065
https://doi.org/10.1016/j.pnpbp.2018.12.002
https://www.ncbi.nlm.nih.gov/pubmed/30529000
https://doi.org/10.21203/rs.3.rs-2257868/v1
https://doi.org/10.1016/j.jneuroim.2015.07.003
https://www.ncbi.nlm.nih.gov/pubmed/26298322
https://doi.org/10.1016/j.bbr.2019.02.031
https://doi.org/10.1016/j.intimp.2022.108619
https://doi.org/10.1097/01.mcp.0000144502.50149.e0
https://doi.org/10.1186/s12993-015-0056-x
https://doi.org/10.1111/cns.13074
https://doi.org/10.1016/S1474-4422(22)00437-9
https://doi.org/10.1016/S1474-4422(22)00408-2
https://www.ncbi.nlm.nih.gov/pubmed/36517172
https://doi.org/10.1111/j.1365-2249.2011.04335.x
https://www.ncbi.nlm.nih.gov/pubmed/21352207
https://doi.org/10.1016/j.cyto.2019.154938
https://www.ncbi.nlm.nih.gov/pubmed/31785499
https://doi.org/10.1155/2019/4068734
https://doi.org/10.1038/nm1565
https://doi.org/10.1155/2012/170276
https://doi.org/10.1073/pnas.94.7.3352
https://doi.org/10.1084/jem.186.4.517
https://doi.org/10.1016/S0306-4522(98)00058-X
https://doi.org/10.1002/em.20511
https://doi.org/10.1016/0006-8993(89)91550-3
https://www.ncbi.nlm.nih.gov/pubmed/2521568
https://doi.org/10.3390/molecules26113139
https://www.ncbi.nlm.nih.gov/pubmed/34073948
https://doi.org/10.1002/ana.25159
https://www.ncbi.nlm.nih.gov/pubmed/29369398


Biomolecules 2023, 13, 743 18 of 19

135. Hernández, J.C.C.; Bracko, O.; Kersbergen, C.J.; Muse, V.; Haft-Javaherian, M.; Berg, M.; Park, L.; Vinarcsik, L.K.; Ivasyk, I.;
Rivera, D.A.; et al. Neutrophil adhesion in brain capillaries reduces cortical blood flow and impairs memory function in
Alzheimer’s disease mouse models. Nat. Neurosci. 2019, 22, 413–420. [CrossRef]

136. Ruiz-Uribe, N.E.; Bracko, O.; Swallow, M.; Omurzakov, A.; Dash, S.; Uchida, H.; Xiang, D.; Haft-Javaherian, M.; Falkenhain, K.;
Lamont, M.E.; et al. Vascular oxidative stress causes neutrophil arrest in brain capillaries, leading to decreased cerebral blood
flow and contributing to memory impairment in a mouse model of Alzheimer’s disease. bioRxiv 2023. [CrossRef]

137. Bright, F.; Werry, E.L.; Dobson-Stone, C.; Piguet, O.; Ittner, L.M.; Halliday, G.M.; Hodges, J.R.; Kiernan, M.C.; Loy, C.T.;
Kassiou, M.; et al. Neuroinflammation in frontotemporal dementia. Nat. Rev. Neurol. 2019, 15, 540–555. [CrossRef]

138. Bellucci, A.; Bugiani, O.; Ghetti, B.; Spillantini, M.G. Presence of Reactive Microglia and Neuroinflammatory Mediators in a Case
of Frontotemporal Dementia with P301S Mutation. Neurodegener. Dis. 2011, 8, 221–229. [CrossRef]

139. Raz, L.; Knoefel, J.E.; Bhaskar, K. The neuropathology and cerebrovascular mechanisms of dementia. J. Cereb. Blood Flow Metab.
2016, 36, 172–186. [CrossRef]

140. Broe, M.; Hodges, J.; Schofield, E.; Shepherd, C.; Kril, J.; Halliday, G. Staging disease severity in pathologically confirmed cases of
frontotemporal dementia. Neurology 2003, 60, 1005–1011. [CrossRef]

141. Sirkis, D.W.; Geier, E.G.; Bonham, L.W.; Karch, C.M.; Yokoyama, J.S. Recent Advances in the Genetics of Frontotemporal Dementia.
Curr. Genet. Med. Rep. 2019, 7, 41–52. [CrossRef]

142. Ahmed, Z.; Mackenzie, I.R.; Hutton, M.L.; Dickson, D.W. Progranulin in frontotemporal lobar degeneration and neuroinflamma-
tion. J. Neuroinflamm. 2007, 4, 7. [CrossRef] [PubMed]

143. He, Z.; Ong, C.H.P.; Halper, J.; Bateman, A. Progranulin is a mediator of the wound response. Nat. Med. 2003, 9, 225–229.
[CrossRef] [PubMed]

144. Gerrits, E.; Giannini, L.A.A.; Brouwer, N.; Melhem, S.; Seilhean, D.; Le Ber, I.; Kamermans, A.; Kooij, G.; de Vries, H.E.; Boddeke,
E.W.G.M.; et al. Neurovascular dysfunction in GRN-associated frontotemporal dementia identified by single-nucleus RNA
sequencing of human cerebral cortex. Nat. Neurosci. 2022, 25, 1034–1048. [CrossRef] [PubMed]

145. Cenik, B.; Sephton, C.F.; Cenik, B.K.; Herz, J.; Yu, G. Progranulin: A proteolytically processed protein at the crossroads of
inflammation and neurodegeneration. J. Biol. Chem. 2012, 287, 32298–32306. [CrossRef]

146. Suh, H.-S.; Choi, N.; Tarassishin, L.; Lee, S.C. Regulation of Progranulin Expression in Human Microglia and Proteolysis of
Progranulin by Matrix Metalloproteinase-12 (MMP-12). PLoS ONE 2012, 7, e35115. [CrossRef]

147. Bagyinszky, E.; Van Giau, V.; Shim, K.; Suk, K.; An, S.S.A.; Kim, S. Role of inflammatory molecules in the Alzheimer’s disease
progression and diagnosis. J. Neurol. Sci. 2017, 376, 242–254. [CrossRef]

148. Bawa, K.K.; Initiative, F.T.A.D.N.; Krance, S.; Herrmann, N.; Cogo-Moreira, H.; Ouk, M.; Yu, D.; Wu, C.-Y.; Black, S.E.;
Lanctôt, K.L.; et al. A peripheral neutrophil-related inflammatory factor predicts a decline in executive function in mild
Alzheimer’s disease. J. Neuroinflamm. 2020, 17, 84. [CrossRef]

149. Fu, H.; Li, J.; Du, P.; Jin, W.; Gao, G.; Cui, D. Senile plaques in Alzheimer’s disease arise from Aβ-and Cathepsin D-enriched
mixtures leaking out during intravascular haemolysis and microaneurysm rupture. FEBS Lett. 2022, 597, 1007–1040. [CrossRef]

150. Baik, S.H.; Cha, M.Y.; Hyun, Y.M.; Cho, H.; Hamza, B.; Kim, D.K.; Han, S.H.; Choi, H.; Kim, K.H.; Moon, M.; et al. Migration of
neutrophils targeting amyloid plaques in Alzheimer’s disease mouse model. Neurobiol. Aging 2014, 35, 1286–1292. [CrossRef]

151. Scali, C.; Prosperi, C.; Bracco, L.; Piccini, C.; Baronti, R.; Ginestroni, A.; Sorbi, S.; Pepeu, G.; Casamenti, F. Neutrophils CD11b and
fibroblasts PGE2 are elevated in Alzheimer’s disease. Neurobiol. Aging 2002, 23, 523–530. [CrossRef]

152. Smith, C.W.; Burns, A.R.; Simon, S.I. Co-operative signaling between leukocytes and endothelium mediating firm attachment.
Vasc. Adhes. Mol. Inflamm. 1999, 39–64. [CrossRef]

153. Singh, V.K. Neuroautoimmunity: Pathogenic Implications for Alzheimer’s Disease. Gerontology 1997, 43, 79–94. [CrossRef]
[PubMed]

154. Nogueira-Neto, J.; Cardoso, A.S.C.; Monteiro, H.P.; Fonseca, F.L.A.; Ramos, L.R.; Junqueira, V.B.C.; Simon, K.A. Basal neutrophil
function in human aging: Implications in endothelial cell adhesion. Cell Biol. Int. 2016, 40, 796–802. [CrossRef] [PubMed]

155. Song, J.; Kim, O.Y. Perspectives in Lipocalin-2: Emerging biomarker for medical diagnosis and prognosis for Alzheimer’s disease.
Clin. Nutr. Res. 2018, 7, 1–10. [CrossRef] [PubMed]

156. Ferreira, A.C.; Pinto, V.; Mesquita, S.D.; Novais, A.; Sousa, J.C.; Correia-Neves, M.; Sousa, N.; Palha, J.A.; Marques, F. Lipocalin-2
is involved in emotional behaviors and cognitive function. Front. Cell. Neurosci. 2013, 7, 122. [CrossRef] [PubMed]

157. Mesquita, S.D.; Ferreira, A.C.; Falcao, A.M.; Sousa, J.C.; Oliveira, T.G.; Correia-Neves, M.; Sousa, N.; Marques, F.; Palha, J.A.
Lipocalin 2 modulates the cellular response to amyloid beta. Cell Death Differ. 2014, 21, 1588–1599. [CrossRef] [PubMed]

158. Kang, H.; Shin, H.J.; An, H.S.; Jin, Z.; Lee, J.Y.; Lee, J.; Kim, K.E.; Jeong, E.A.; Choi, K.Y.; McLean, C.; et al. Role of Lipocalin-2 in
Amyloid-Beta Oligomer-Induced Mouse Model of Alzheimer’s Disease. Antioxidants 2021, 10, 1657. [CrossRef] [PubMed]

159. Schroll, A.; Eller, K.; Feistritzer, C.; Nairz, M.; Sonnweber, T.; Moser, P.A.; Rosenkranz, A.R.; Theurl, I.; Weiss, G. Lipocalin-2
ameliorates granulocyte functionality. Eur. J. Immunol. 2012, 42, 3346–3357. [CrossRef] [PubMed]

160. Crumpler, R.; Roman, R.J.; Fan, F. Capillary Stalling: A Mechanism of Decreased Cerebral Blood Flow in AD/ADRD. J. Exp.
Neurol. 2021, 2, 149. [CrossRef] [PubMed]

161. Park, L.; Zhou, P.; Pitstick, R.; Capone, C.; Anrather, J.; Norris, E.H.; Younkin, L.; Younkin, S.; Carlson, G.; McEwen, B.S.; et al.
Nox2-derived radicals contribute to neurovascular and behavioral dysfunction in mice overexpressing the amyloid precursor
protein. Proc. Natl. Acad. Sci. USA 2008, 105, 1347–1352. [CrossRef] [PubMed]

https://doi.org/10.1038/s41593-018-0329-4
https://doi.org/10.1101/2023.02.15.528710
https://doi.org/10.1038/s41582-019-0231-z
https://doi.org/10.1159/000322228
https://doi.org/10.1038/jcbfm.2015.164
https://doi.org/10.1212/01.WNL.0000052685.09194.39
https://doi.org/10.1007/s40142-019-0160-6
https://doi.org/10.1186/1742-2094-4-7
https://www.ncbi.nlm.nih.gov/pubmed/17291356
https://doi.org/10.1038/nm816
https://www.ncbi.nlm.nih.gov/pubmed/12524533
https://doi.org/10.1038/s41593-022-01124-3
https://www.ncbi.nlm.nih.gov/pubmed/35879464
https://doi.org/10.1074/jbc.R112.399170
https://doi.org/10.1371/journal.pone.0035115
https://doi.org/10.1016/j.jns.2017.03.031
https://doi.org/10.1186/s12974-020-01750-3
https://doi.org/10.1002/1873-3468.14549
https://doi.org/10.1016/j.neurobiolaging.2014.01.003
https://doi.org/10.1016/S0197-4580(01)00346-3
https://doi.org/10.1007/978-3-0348-8743-4_3
https://doi.org/10.1159/000213837
https://www.ncbi.nlm.nih.gov/pubmed/8996831
https://doi.org/10.1002/cbin.10618
https://www.ncbi.nlm.nih.gov/pubmed/27109745
https://doi.org/10.7762/cnr.2018.7.1.1
https://www.ncbi.nlm.nih.gov/pubmed/29423384
https://doi.org/10.3389/fncel.2013.00122
https://www.ncbi.nlm.nih.gov/pubmed/23908604
https://doi.org/10.1038/cdd.2014.68
https://www.ncbi.nlm.nih.gov/pubmed/24853299
https://doi.org/10.3390/antiox10111657
https://www.ncbi.nlm.nih.gov/pubmed/34829528
https://doi.org/10.1002/eji.201142351
https://www.ncbi.nlm.nih.gov/pubmed/22965758
https://doi.org/10.33696/neurol.2.048
https://www.ncbi.nlm.nih.gov/pubmed/35028643
https://doi.org/10.1073/pnas.0711568105
https://www.ncbi.nlm.nih.gov/pubmed/18202172


Biomolecules 2023, 13, 743 19 of 19

162. Barua, S.; Kim, J.Y.; Yenari, M.A.; Lee, J.E. The role of NOX inhibitors in neurodegenerative diseases. IBRO Rep. 2019, 7, 59–69.
[CrossRef] [PubMed]

163. Matamalas, A.; Bagó, J.; D’agata, E.; Pellisé, F. Validity and reliability of photographic measures to evaluate waistline asymmetry
in idiopathic scoliosis. Eur. Spine J. 2016, 25, 3170–3179. [CrossRef] [PubMed]

164. Uhl, B.; Vadlau, Y.; Zuchtriegel, G.; Nekolla, K.; Sharaf, K.; Gaertner, F.; Massberg, S.; Krombach, F.; Reichel, C.A. Aged
neutrophils contribute to the first line of defense in the acute inflammatory response. Blood J. Am. Soc. Hematol. 2016, 128,
2327–2337. [CrossRef] [PubMed]

165. White, C.S.; Lawrence, C.B.; Brough, D.; Rivers-Auty, J. Inflammasomes as therapeutic targets for Alzheimer’s disease. Brain
Pathol. 2017, 27, 223–234. [CrossRef]

166. Münzer, P.; Negro, R.; Fukui, S.; di Meglio, L.; Aymonnier, K.; Chu, L.; Cherpokova, D.; Gutch, S.; Sorvillo, N.; Shi, L.; et al.
NLRP3 Inflammasome Assembly in Neutrophils Is Supported by PAD4 and Promotes NETosis Under Sterile Conditions. Front.
Immunol. 2021, 12, 683803. [CrossRef]

167. Nauseef, W.M. How human neutrophils kill and degrade microbes: An integrated view. Immunol. Rev. 2007, 219, 88–102.
[CrossRef]

168. Zschaler, J.; Schlorke, D.; Arnhold, J. Differences in Innate Immune Response between Man and Mouse. Crit. Rev. Immunol. 2014,
34, 433–454. [CrossRef]

169. Graham, A.L. Naturalizing mouse models for immunology. Nat. Immunol. 2021, 22, 111–117. [CrossRef]
170. Zheng, Y.; Sefik, E.; Astle, J.; Karatepe, K.; Öz, H.H.; Solis, A.G.; Jackson, R.; Luo, H.R.; Bruscia, E.M.; Halene, S.; et al.

Human neutrophil development and functionality are enabled in a humanized mouse model. Proc. Natl. Acad. Sci. USA 2022,
119, e2121077119. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ibror.2019.07.1721
https://www.ncbi.nlm.nih.gov/pubmed/31463415
https://doi.org/10.1007/s00586-016-4509-1
https://www.ncbi.nlm.nih.gov/pubmed/26975856
https://doi.org/10.1182/blood-2016-05-718999
https://www.ncbi.nlm.nih.gov/pubmed/27609642
https://doi.org/10.1111/bpa.12478
https://doi.org/10.3389/fimmu.2021.683803
https://doi.org/10.1111/j.1600-065X.2007.00550.x
https://doi.org/10.1615/CritRevImmunol.2014011600
https://doi.org/10.1038/s41590-020-00857-2
https://doi.org/10.1073/pnas.2121077119

	Introduction 
	Generation, Development, and Life Cycle of Neutrophils 
	Common Techniques and Methodologies Used to Study Neutrophil Biology 
	Contribution of Neutrophils in Neurological Diseases 
	Ischemic Stroke 
	Parkinson’s Disease 
	COVID-19 
	Huntington’s Disease 
	Amyotrophic Lateral Sclerosis 
	Multiple Sclerosis 
	Autism 
	Down Syndrome 
	Frontotemporal Dementia (FTD) 

	Contribution of Neutrophils in Alzheimer’s Disease (AD) 
	Conclusions and Future Perspectives 
	References

