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A B S T R A C T   

Neutrophils play a critical role in immune defense as the first recruited and most abundant leukocytes in the innate immune system. As such, regulation of neutrophil 
effector functions have strong implications on immunity. These cells display a wide heterogeneity of function, including both inflammatory and immunomodulatory 
roles. Neutrophils commonly infiltrate the central nervous system (CNS) in response to varied pathological conditions. There is still little understanding of the role 
these cells play in the CNS in such conditions. In the present review, we will summarize what is known of neutrophil’s role in cancer and Alzheimer’s disease (AD), 
with a focus on highlighting the gaps in our understanding.   

1. Introduction 

Neutrophils, or polymorphonuclear cells, are cells of the innate im-
mune system and the first recruited under infectious conditions. These 
cells are the most abundant leukocyte and display a multitude of func-
tions that are implicated in an array of pathological processes. Although 
studies about neutrophils have been conducted since their discovery in 
the late nineteenth century by Paul Ehrlich (Amulic et al., 2012), the 
role they play in neuropathology is still incompletely understood. Their 
importance in bacterial meningitis is established, and there has been an 
increased interest in the effect of neutrophil physiology in other brain 
diseases. It is becoming increasingly important for neuroscientists, 
neurologists, and neurosurgeons to have a better understanding of 
neutrophil function. This review will explore our current understanding 
of the role of neutrophils, in general, in nervous system pathology with a 
focus on central nervous system (CNS) cancers and Alzheimer’s disease 
(AD). 

2. Basics of neutrophil biology 

2.1. Neutrophils are made primarily in the bone marrow 

Neutrophils are primarily produced in the bone marrow through a 
process known as granulopoesis. Recent evidence suggests the spleen as 
a secondary source of neutrophil production (Deniset et al., 2017). 
Whether this contributes to the number of circulating neutrophils 

remains to be determined. In granulopoiesis, bone marrow hematopoi-
esis leads to the generation of myeloblasts which mature into neutro-
phils. This maturation process has six stages (Amulic et al., 2012; Yang 
et al., 2019) (Fig. 1a). The specific factors involved in this process have 
been reviewed by Friedman et al., (2007) (Friedman, 2007). Under 
healthy conditions, the mature neutrophil is released into the blood. 
Under pathological conditions, both mature and band cell neutrophils, 
an immature phenotype, are released from the bone marrow (Eash et al., 
2009). 

The number of neutrophils released from the bone marrow is tightly 
regulated, as neutropenia (too few circulating neutrophils) and neutro-
philia (too many circulating neutrophils) are associated with immuno-
deficiency and aberrant tissue damage, respectively. Retention and 
release of neutrophils in the bone marrow greatly depends on the 
interaction between neutrophil surface receptor C-X-C motif chemokine 
receptor 4 (CXCR4) and its ligand C-X-C motif chemokine ligand 12/ 
stromal-derived factor 1 (CXCL12/SDF1) (De Filippo and Rankin, 
2018). Indeed, the loss of functional CXCR4 on neutrophils leads to 
increased neutrophil release from the bone marrow (Eash et al., 2009). 
Neutrophil modulatory factors like granulocyte-colony stimulating fac-
tor (G-CSF) work primarily by affecting the expression of CXCR4 on 
mature neutrophils (Eash et al., 2009). Once in circulation, neutrophils 
typically transit for several hours (Amulic et al., 2012). During this 
period, they undergo a variety of changes that contribute to the het-
erogeneity of functions (Yang et al., 2019). As neutrophils age they 
upregulate their expression of CXCR4, which helps them return to the 
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bone marrow and lung for degradation (Adrover et al., 2016). 

3. Defining roles of neutrophils following activation 

As immune effector cells, neutrophils respond in an inflammatory 
environment in one of four ways: phagocytosis, degranulation, NETosis, 
and/or cytokine release (Fig. 1a) (Rosales, 2018). However, prior to 
these responses, neutrophils need to undergo a priming event. Indeed, 
unprimed neutrophils have extremely limited responses to inflammatory 
stimuli (Vogt et al., 2018). It has been proposed that priming is a critical 
factor in the enhanced neutrophil activity leading to tissue damage 
observed in sterile injury (Linas et al., 1992; Worthen et al., 1987). 
Neutrophil priming occurs in response to a variety of inflammatory 
molecules, including chemokines, cytokines, and alarmins (Linas et al., 
1992). It has been proposed that the priming agent skews the response of 
neutrophils upon activation. For example, priming with tumor necrosis 
factor-alpha (TNFα) or lipopolysaccharide (LPS) leads to the activation 
of the mitogen activating protein kinase, p38, which skews the neutro-
phil response towards respiratory burst and degranulation (Ward et al., 
2000). It is likely that priming is both stimulus and context specific, and 
more than one priming response is possible. It remains to be determined 
whether priming occurs in the vicinity of the inflammatory site or 
through a concentration gradient established as a result of the diffusion 
of cytokines and chemokines from the inflammation site. Regardless, it 
is evident that neutrophil activation begins prior to the infiltration of 
these cells. 

Neutrophil activation leads to transcriptional and translational 
changes within the neutrophil that further influence the expression of 
surface molecules and receptors. Although there are multiple hypothe-
ses regarding this process, one plausible hypothesis suggests that neu-
trophils are activated through the leukocyte adhesion cascade. This 
cascade begins with the interaction of adhesive molecules on activated 
endothelial cells and with glycoproteins on neutrophils (Ley et al., 
2007). This initial interaction triggers β2 integrins on the neutrophil to 
bind to ligands on endothelial cells, such as intercellular adhesion 
molecule-1 (ICAM-1) and ICAM-2, allowing them to extravasate into 
tissues (Gorina et al., 2014). Like many immune cells, the signal trans-
ducer and activator of transcription (STAT)-3 signaling cascade is crit-
ical to the activation of neutrophils. 

3.1. Metabolism 

Like all cells, metabolism plays a vital role in neutrophil function. 
Though all metabolic pathways (including Krebs cycle, pentose phos-
phate pathway, and fatty acid oxidation) have been described in neu-
trophils (Sanders et al., 1995; McKenzie and Schreiber, 1998; Moulding 
et al., 1999; Richards and Endres, 2014), the most studied pathway in 
these cells is that of glycolysis, due to earlier studies demonstrating that 
neutrophils isolated from leukemia patients and in glucose rich solution 
consume glucose preferentially (Levene and Meyer, 1912). More 
definitively, a recent report shows that inhibition of mitochondria 
function has little to no effect on ATP production in mature neutrophils, 
while blocking glycolysis completely depletes ATP concentrations 
(Maianski et al., 2004). Mitochondria function, in neutrophils, play a 
significant role in the production of reactive oxygen species (ROS) 
(Herring et al., 2022). Neutrophils undergo a metabolic shift, from 
glycolysis to mitochondria mediated pentose phosphate pathway, to 
enhance oxidative burst upon stimulation (Britt et al., 2022). More 
research is needed to fully understand the role of other metabolic 
pathways, such as oxidative phosphorylation, in the activation of 
effector function of these cells (Injarabian et al., 2020). 

In neutrophils, the shuffling of glucose within the cytoplasm is shown 
to be the main route of ATP formation. A mutation in glucose-6- 
phosphatase impairing glucose shuffling leads to defects in chemo-
taxis, respiratory burst, phagocytosis, and calcium flux (Jun et al., 
2010). Recent evidence also shows that neutrophils have the highest 
level of glycogen granules in their cytoplasm of all circulating white 
blood cells (Sadiku et al., 2021). Whether the preferential use of 
glycolysis is due to its speed of energy production or other intracellular 
constraints remains to be determined. Of note, cellular preference is not 
due to a low number of mitochondria within the cell (Maianski et al., 
2004). The glycolytic preference also enables these cells to survive under 
hypoxic conditions (Walmsley et al., 2005). The tolerance to hypoxia is 
thought to be an adaptation of these cells to the low level of oxygen in 
the sinusoidal regions of the bone marrow, where they marginate 
(Zhang and Sadek, 2014). This, in part, may explain the increased sur-
vival of neutrophils in inflammatory tissue microenvironments, as local 
oxygen levels decrease during inflammation (Injarabian et al., 2020). 

Fig. 1. Neutrophil effector function in Alzheimer’s Disease and Cancer (A) Diagram depicts the formation of neutrophil from the bone marrow until release into 
circulation. Upon, activation, neutrophils have been shown to become antigen representing, phagocytose, release NETs, and degranulate. (B) Neutrophils have been 
shown to interact with deposits associated with Alzheimer’s Disease, i.e. Aβ plaques. Though whether neutrophils contribute to the generation of these plaques are 
unknown, it is thought that its release of effectors molecules like MPO and IL-17 exacerbates disease progression. (C) In CNS cancers, neutrophils at the site of the 
cancer can either become pro- or anti-tumorigenic. Pro-tumor neutrophils result in increased metastasis and increased blood flow through the development of more 
blood vessels in tumors and anti-tumor neutrophils result in the recruitment of more neutrophils which kill tumor cells through the release of ROS. 
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3.2. Phagocytosis 

Phagocytosis is used by neutrophils to clear pathogens and/or debris. 
Phagocytosis occurs through receptor mediated endocytosis. As such, 
this process relies on membrane receptors expressed on the surface of 
the cell. It has been shown that fragment crystalizable (Fc) γ receptors on 
neutrophils (i.e., FcγRI, FcγRII, and FcγRIII) bind IgG and other com-
plement coated particles to internalize various pathogens (Lee et al., 
2003). The regulation of these receptors is critical for neutrophil 
response (Sanders et al., 1995; McKenzie and Schreiber, 1998; Moulding 
et al., 1999). Their activation leads to endosome formation followed by 
lysosomal fusion and degradation of the phagocytosed element 
(Richards and Endres, 2014). Of note, lysosomal fusion with granules 
and secretory vesicles is critical to neutrophils’ ability to degrade 
phagocytosed pathogens (Lee et al., 2003; Tapper et al., 2002). 

3.3. Neutrophil extracellular traps (NET) generation (NETosis) 

Neutrophils extracellular traps (NETs) are made of chromatin and 
proteins released by neutrophils to immobilize pathogens (Brinkmann 
et al., 2004; Papayannopoulos, 2018; Barnes et al., 2020). Although not 
fully understood, this process is thought to be highly regulated. NETosis 
seems to be triggered through receptor activation and cell-cell contact 
(Kaplan, 2013; Yipp and Kubes, 2013; Rodrigues et al., 2020). Two 
forms of NETosis have been described in the literature, suicidal and vital 
(Yipp and Kubes, 2013). “Suicidal” NETosis leads to neutrophil death, 
while the “vital” form results in the formation of band-like cells or 
cytoplast (Yipp and Kubes, 2013). NETs are disassembled by endoge-
nous enzymes such as DNases (Kaplan, 2013). Although vital to host 
defense (Papayannopoulos, 2018), unrestricted NET production can be 
detrimental (Barnes et al., 2020). NETs have been implicated in a host of 
diseases (Barnes et al., 2020; Saffarzadeh et al., 2012; Veras et al., 2020; 
Schönrich et al., 2020; Middleton et al., 2020), including neurodegen-
erative disorders like AD (Pietronigro et al., 2017). 

3.4. Degranulation 

Neutrophils contain four major types of granules, primary or azur-
ophilic, secondary or specific, tertiary or gelatinase, and secretory ves-
icles. Each granule type differs in density, content, function, signals 
required for secretion, and markers (Bedouhene et al., 2017). These 
granules have varying potency for killing bacteria, with the highest 
potency in primary granule proteins and lowest in secretory vesicles. 
The formation and packaging of these granules follow specific timing in 
the maturation of the cell. This timing-related formation has become 
known as the “targeting-by-timing” hypothesis, referencing the fact that 
synthesis of the various granule subsets occurs at different stages during 
granulopoiesis, as opposed to heterogeneity being caused by a difference 
in sorting mechanism (Borregaard, 2010; Le Cabec et al., 1996). The 
release of granules follows the exact reverse order of their formation (i.e. 
secretory vesicles first and primary granule last; Fig. 1a). Recent evi-
dence has shown that the quantity of granule release also was higher for 
secretory vesicles (~100%) than for primary granules (~7%) (Rørvig 
et al., 2009). This could be a factor in the strength of the content of each 
granule subset or a built-in fail safe to limit the potential damage of an 
activated neutrophil. In fact, unregulated degranulation leading to the 
release of toxic contents is thought to be a common cause of autoim-
mune and inflammatory diseases (Delano and Ward, 2016; Schrijver 
et al., 2017). 

Degranulation, the release of neutrophil granule content to the 
extracellular space through exocytosis, is highly regulated (She-
shachalam et al., 2014). Although tertiary and secretory granules are 
released regularly, due to their function in neutrophil motility and 
transmigration (Rawat et al., 2021), degranulation often refers to the 
release of secondary and primary granule content. As with exocytosis, in 
general, degranulation depends on the activity of small Ras associated 

binding proteins (Rab) GTPases, specifically Rab27/Munc13-4 pathway 
(Ramadass and Catz, 2016). Degranulation is dependent on adhesion, 
receptor activation, and calcium influx (Futosi et al., 2013). For 
example, in ascending order, each granule subset requires an increasing 
amount of calcium to initiate interaction with the plasma membrane 
(Sengeløv et al., 1995). 

3.5. Cytokine release 

A hallmark of the role of neutrophils in inflammatory and immune 
responses is their production and release of various cytokines. Cytokines 
work to direct biological processes, including inflammation and im-
munity as well as hematopoiesis and wound healing (Tecchio et al., 
2014). Neutrophil-derived cytokines recruit a variety of specific cells, 
including other neutrophils, monocytes, T-helper cells, and others 
(Hughes and Nibbs, 2018). For example, our laboratory demonstrated 
that in subarachnoid hemorrhage, the release of interleukin (IL)-17 by 
neutrophils leads to the recruitment of more neutrophils to the CNS 
(Coulibaly et al., 2020). Particularly relevant to this review, several 
neutrophil-derived cytokines and chemokines have been implicated in 
CNS pathologies. For example, Interleukin 6 (IL-6) and Interleukin 33 
(IL-33), two cytokines that act on the CNS, have been shown to directly 
regulate neutrophil trafficking (Erta et al., 2012; Verri et al., 2010). 

Of note, the flexibility of these cells has led to the discovery of many 
other functions, such as the release of extracellular vesicles to entrain 
innate immunity (Allen et al., 2022) and antigen presentation to adap-
tive immune cells to modulate antibody production (Vono et al., 2017). 
Due to the novel nature of these functions, their possible implication in 
CNS pathology is truly unknown. As such, we did not include those 
functions in the list of functions attributed to neutrophils. However, 
those functions and many of the ones being described in these cells will 
have to be explored in their interactions with CNS in both health and 
disease. 

4. Neutrophils in CNS disease 

The modulatory effect of innate immune cell infiltration in the CNS 
has been under investigation for many decades. However, our under-
standing of the role neutrophils play in CNS pathology remains limited. 
Studies have often regarded these cells as infiltrating and damaging to 
CNS function in a multitude of pathologies. Recent reviews on neutro-
phil contributions in CNS pathology have focused on a specific disease or 
pathway. In this review, we aim to highlight the contribution of 
neutrophil biology to the pathology of brain tumors and AD. Using a 
neutrophil centric view, this review hopes to elucidate neutrophil 
functions that may be potential therapeutic targets for these diseases. 

4.1. There is evidence that neutrophils interact with CNS cells 

In trying to understand the mechanistic and cellular effects of 
neutrophil interaction with brain-derived cells, several investigators 
have exposed neuronal cultures to isolated neutrophils to determine 
both neuronal survival and activity. Interestingly, a co-culture model of 
murine cells showed that neutrophils are not inherently toxic to cortical 
neurons. However, interaction with the endothelium or stimulation by 
IL-1 leads to the release of neurotoxic factors by neutrophils (Allen et al., 
2012). Conversely, neutrophil exposure leads to neuronal hyperactivity 
and cell death in dorsal root ganglion neurons (Shaw et al., 2008), 
hippocampal neurons and astrocytes (Dinkel et al., 2004). Of note, the 
papers cited used different isolation techniques. One paper used neu-
trophils isolated from the bone marrow (Allen et al., 2012), i.e., more a 
naïve and less primed cell profile, and the others, showing detrimental 
effect, used neutrophils isolated from the blood (Shaw et al., 2008; 
Dinkel et al., 2004). This would suggest that the activation state of 
neutrophils, and possibly maturation profile, may have a direct link to 
how they affect and interact with brain cells. 
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There is emerging evidence that neutrophils can release neuro-
trophic factors and neuromodulators under certain conditions (reviewed 
in (Coulibaly, 2022)). For example, neutrophils release ciliary neuro-
trophic factor (CNTF) in response to optic nerve injury (Sas et al., 2020), 
a nerve growth factor implicated in neuronal survival after injury (Gu 
et al., 2016). Neutrophils have also been shown to release glutamate (del 
Arroyo et al., 2019). Glutamate is a critical neurotransmitter for 
neuronal function (Collingridge et al., 2013). In addition, neutrophils 
are a demonstrated source of catecholamines, which directly modulate 
neuronal activity (Kanashiro et al., 2020; Cosentino et al., 1999). The 
release of catecholamine by neutrophils correlates greatly with it acti-
vation level (Flierl et al., 2007). It remains to be determined whether 
these neuromodulatory molecules are packaged in neutrophil granules, 
or produced and released in response to stimulation from neurons. 

There is evidence of neutrophils contributing to the pathology of a 
host of CNS maladies, including injury (i.e.; stroke and more), infection, 
tumors and neurodegenerative conditions (i.e., multiple sclerosis). For 
the sake of expediency, this review will focus on CNS tumors and de-
mentia. We have chosen to focus on these two diseases because of the 
lack of systematic reviews on neutrophils in CNS cancers, and the lack of 
a neutrophil centric review on the role of neutrophils in AD. 

4.2. Neutrophils are both toxic to neoplastic cells and detrimental to the 
host in brain tumors 

Tumors in the CNS can be divided into two categories, those that 
arise from brain cells (i.e., gliomas) and those derived from peripheral 
tumor metastases (i.e., melanoma and breast cancer). Gliomas, tumors 
deriving from glial cells in the brain are characterized into 3 categories, 
astrocytoma, ependymomas, and oligodendrogliomas (Schneider et al., 
2010). In terms of peripheral tumors, those derived from lung, breast, 
kidney, colon and skin have been shown to metastasize to the brain 
(Barnholtz-Sloan et al., 2004). 

Studies have demonstrated that the presence of neutrophils in gli-
omas can be detrimental for patient survival. For example, clinical 
studies show that an elevated neutrophil count in glioma patients cor-
relates with increased disease severity and poor outcome (Schernberg 
et al., 2018). It is thought that neutrophils are recruited to the tumor 
environment by interleukin (IL)-8, macrophage migration inhibitory 
factor (MIF), and C-X-C motif chemokine ligand (CXCL) 8 (Hor et al., 
2003). Once recruited, neutrophils release factors that promote glioma 
growth through the increase of oxidative stress and the release of NETs 
(Manda-Handzlik and Demkow, 2019). This process was reviewed in 
McFarlane et al., (2023). In the periphery, it has been demonstrated that 
neutrophils aid in cancer cell acquisition of metastasis (Kalafati et al., 
2020). It is established that gliomas do not metastasize outside the brain. 
It would be interesting to determine whether neutrophil function is 
altered in the glioma environment to dampen this neutrophil function, 
or if the blood brain barrier impedes this process. 

In general, neutrophils can promote metastasis in three ways: 1) 
suppressing the function of natural killer cells, 2) enhancing extrava-
sation of tumor cells, and 3) interacting with circulating tumor cells 
(Long et al., 2021). These pathways facilitate tumor cell cycle progres-
sion and seeding. Though the mechanism through which this interaction 
occurs remains unclear, patients and mouse models of breast cancer 
demonstrated that the association of circulating tumor cells with neu-
trophils is mediated by the adhesion molecule vascular cell adhesion 
molecule (VCAM) 1 (Long et al., 2021; Szczerba et al., 2019). 

Peripheral tumors metastasize to the brain through the detachment 
of primary tumor cells from parent tumor sites, where they then migrate 
and pass through the blood brain barrier (BBB). The mechanism through 
which peripheral cancer cells de-differentiate and migrate to the brain is 
referred to as epithelial-to-mesenchymal transition (EMT), and the 
mechanism through which they re-differentiate and colonize the brain is 
known as mesenchymal to epithelial transition (MET) (Cooper et al., 
2018). The transcriptional process behind these mechanisms has been 

reviewed in detail in Cooper et al., 2018. It is thought that NETs may 
play a role in tumor progression and dissemination from primary sites 
and help promote transmigration to secondary sites. Some studies have 
suggested that stressors like surgery or carcinogen exposure promote 
NETs production in cancer patients (Lin et al., 2021). In addition, mouse 
models show tobacco smoke induced lung inflammation leads to 
increased NET production by neutrophils. These NETs are required to 
awaken dormant cancer cells and induce metastasis (Albrengues et al., 
2019). 

Tumor cells and neutrophils appear to work mutualistically. Extra-
cellular RNAs from cancer cells help regulate neutrophil metabolism by 
inducing NET production (Li et al., 2019). In addition, tumor microen-
vironments induce metabolic adaptation for neutrophils. Specifically, 
Rice et al., 2018 showed that glucose-restricted tumor microenviron-
ments induce metabolically adapted, oxidative neutrophils, or those 
capable of reactive oxygen species (ROS) production, which have 
increased roles in maintaining local immune suppression and therefore 
may impact cancer cell survival during metastasis (Rice et al., 2018). 
Indeed, neutrophils with their high glycolytic potential, contribute to 
the production of lactate which is converted to lactic acid in the tumor 
microenvironment. This promotes tumor survival and progression. This 
environmental acidification also aids in dampening immune activity in 
the vicinity of the tumor cell. 

As in the periphery, neutrophil function can be hijacked to help brain 
tumors thrive and infiltrate tissue. The hypothesis is that the BBB is 
intact in gliomas, whether that is true for infiltrating peripheral tumors 
is unknown. Nonetheless, it is still unclear when neutrophils first infil-
trate brain tumors, specifically gliomas. As for peripherally derived tu-
mors, because neutrophils aid in their extravasation into the brain, we 
postulate that they are present in the tumor microenvironment at onset. 
Peripherally, there is ample evidence that neutrophils modulate the 
tumor microenvironment through the release of cytokines and chemo-
kines (Oberg et al., 2019; Gabrusiewicz et al., 2016). For example, 
neutrophils were shown to release IL-8 and TNF-α to recruit more 
circulating neutrophils to the tumor environment. These 
tumor-associated neutrophils (TANs) have been shown to either be anti- 
or pro-tumorigenic. 

Pro-tumor activity includes the release of factors that directly in-
crease the survival of tumor cells (Masucci et al., 2019). For example, 
pro-tumor TANs secrete vascular endothelial growth factor (VEGF) 
which leads to the growth of more blood vessels into the tumor, 
providing more nutrients and oxygen to tumor cells. It has been shown 
that lactic acid, produced by inflammatory neutrophils, activates VEGF 
to stimulate angiogenesis (Giatromanolaki et al., 2006; Jiang, 2017). In 
addition, there is evidence that increased infiltration of pro-tumor TANs 
leads to more detrimental outcomes, i.e., higher grade gliomas (Quail 
and Joyce, 2017; Khan et al., 2020), the release of toxic factors that 
damage healthy tissue, and create more space for the tumor to expand 
(Wang et al., 2018). 

On the other hand, anti-tumor TANs directly kill tumor cells by 
participating in cellular networks that mediate antitumor resistance 
(Bodac and Meylan, 2021; Jaillon et al., 2020). For example, 
tumor-entrained neutrophils were shown to be highly cytotoxic in the 
lungs where they inhibited metastatic seeding by generating toxic 
molecules including peroxide, as well as cytokines like C–C motif che-
mokine ligand (CCL) 2 to recruit more neutrophils (Andzinski et al., 
2016; Granot et al., 2011; López-Lago et al., 2013). This in effect builds 
an antimetastatic barrier. Anti-tumor TANs release IL-12, which en-
hances antitumor effect and has been implicated in pre-clinical immu-
notherapies for glioblastoma (Lin et al., 2021; Agliardi et al., 2021). 
Other possible antitumoral properties of neutrophils include the direct 
killing of tumor cells by ROS (Long et al., 2021). Nonetheless, because of 
their antitumorigenic roles, neutrophils represent a potential thera-
peutic target. For example, blocking of the transforming growth factor 
(TGF) β pathway causes an increase in antitumoral neutrophils, and thus 
may represent a potential therapeutic target (Long et al., 2021). Clinical 
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trials using immunotherapies targeting neutrophil-associated pathways 
and chemotherapies have already begun and are reviewed in depth by 
Lin et al., 2021). 

The polarization of neutrophils towards pro- or anti-tumor function 
is actively being studied. It is thought that the first neutrophils recruited 
to the tumor are anti-tumorigenic. However, exposure to cytokines 
produced by the microenvironment (G-CSF, TGF-β, etc.) in addition to 
the hypoxic environment causes a transcriptional shift within the cell, 
causing it to change phenotype (McFarlane et al., 2021). For example, 
TGFβ promotes the pro-tumor phenotype, a pathway involved in pe-
ripheral tumor metastasis, suggesting a possible link between neutro-
phils and peripheral tumors metastasizing to the brain (Lin et al., 2021). 
Of note, neutrophils have been shown to release extracellular vesicles to 
modulate inflammatory responses (Allen et al., 2012; Kolonics et al., 
2021). As such, it is possible that the shift from anti-to pro-tumorigenic 
phenotype may occur earlier. Indeed, in glioma patients, the presence of 
inflammatory neutrophils in circulation is highly correlated with poor 
prognosis. Therefore, it is possible that TANs release extracellular vesi-
cles that work to change neutrophil phenotypes before they encounter 
the tumor environment (Liu et al., 2022). We believe that more inves-
tigation needs to be done to elucidate the role of neutrophils in brain 
tumors, since this may also contribute to relapse of disease once treat-
ment has begun. Recent studies have demonstrated that this switch in 
phenotype leads to a heterogenous neutrophil population within the 
tumor microenvironment. As of now, there is still debate regarding the 
nomenclature associated with these different neutrophil subsets. 

4.3. Neutrophil activity worsens cognitive outcomes in AD 

Dementia is characterized by increased memory and cognitive 
impairment. AD represents 60–70% of all dementia cases. AD can be 
further classified as early onset (familial) or late onset (sporadic). The 
late onset endotype makes up 95% of all AD cases (De Strooper, 2010). 
AD is defined by the accumulation of amyloid beta (Aβ) plaques and Tau 
neurofibrillary tangles in the brain. These accumulations may lead to 
cellular toxicity and progressive loss of brain matter (De Strooper, 
2010). Until recently, most AD research was focused on the removal of 
Aβ plaques. However, many clinical trials have shown that the removal 
of these elements has very little clinical benefit. 

A recent theory postulates that Aβ itself is an immune molecule 
(Vojtechova et al., 2022; Weaver, 2020), suggesting that AD pathology is 
linked directly to immune function. A recent study shows that the 
neutrophil enzyme myeloperoxidase (MPO) co-localizes to Aβ plaques in 
brains of AD patients (Green et al., 2004; Gellhaar et al., 2017). Pre-
clinical studies have shown that the loss of MPO in neutrophils leads to 
better cognitive performance and less inflammatory profiles in mouse 
models of AD((Volkman et al., 2019)). In addition, neutrophils release 
NETs and IL-17 as well as express lymphocyte-function-associated an-
tigen 1 (LFA-1) in areas with Aβ plaques (Abramov and Duchen, 2005; 
Zenaro et al., 2015). Blocking LFA 1 decreases neutrophil recruitment 
and improves memory in AD mice (Zenaro et al., 2015). Neutrophils are 
known sources of oxidative stress, disruptors of the BBB, and contribu-
tors of vascular dysfunction, all of which contribute to memory 
impairment in patients with AD((Malm et al., 2010)). 

There is evidence that aging leads to an increased inflammatory 
phenotype in neutrophils (Gullotta et al., 2023). This inflammatory 
phenotype seems exacerbated in AD (Gullotta et al., 2023). Indeed, 
resting neutrophils from AD patients produce more reactive oxygen 
species when compared to those of healthy controls (Vitte et al., 2004). 
Recent evidence shows that inflammation contributes to both the eti-
ology and pathology of AD. For example, neuroinflammation is observed 
in the brain prior to cognitive decline in a mouse model of AD(111). 
Neutrophils are found crawling in the microvasculature of the brain in 
AD models. This slow movement of cells is thought to facilitate a hypoxic 
like environment in the brain. Temporary removal of neutrophils, using 
anti-Ly6G antibody treatments leads to better cognitive outcome in 

several mouse models of AD (Cruz Hernández et al., 2019). Smyth et al., 
2022 found that the vascular localization of neutrophils in human and 
mouse models of AD was a result of enhanced neutrophil adhesion to 
small vessels (Smyth et al., 2022). 

Interestingly, in patients early in the progression of AD, circulating 
neutrophils are highly inflammatory and hyperactive, suggesting a 
systemic inflammatory state. However, this phenotype switches to a less 
inflammatory state later in the disease progression (Dong et al., 2018). 
These data suggest that neutrophils may play diverse roles in the etiol-
ogy of AD (Stock et al., 2018). Though the focus of most investigation 
has been centered in mouse models, there is strong evidence that the 
dysregulation of neutrophils in AD spans across human AD cohorts 
(Smyth et al., 2022). 

5. Novel or unexamined pathways for treatment 

The evidence described above suggests neutrophils play a role in 
brain pathophysiology. Our understanding of how these cells function 
within the CNS is limited. Understanding the role of the effector func-
tions described above (i.e., phagocytosis, cytokine release, degranula-
tion) in different conditions is critical to our pursuit for better therapies 
(Fig. 1). 

It is well established that neutrophils live longer and are more active 
in hypoxic environments. As such, it may be possible to exploit this trait 
to modulate their activity in neurodegeneration. NETs are being inves-
tigated as biomarkers of inflammation and neutrophil activity in many 
diseases (Kaplan, 2013). Therapies focused on removal of NETs may 
hold promise in improving disease outcome. However, it has been 
shown that after the release of their DNA content, “neutrophil cyto-
plasts,” are still active. Little is known about the role of these partially 
competent cells and their effect on disease state. That immature neu-
trophils release neurotrophic factors, and neurotransmitters suggest 
they may also play a role in brain disease, however, our understanding 
of their potential, outside the bone marrow, is still limited. Given their 
potential for cytotoxicity against cancer cells through direct contact and 
generation of ROS, neutrophils present a potential therapeutic target. 

A current example of the therapeutic potential of neutrophils was 
described by Chang et al., 2022). Here, the authors show that the anti-
gen presenting function of neutrophils can be exploited to better target 
tumors using immunotherapies. The authors genetically engineered 
human pluripotent stem cells with synthetic chimeric antigen receptors 
(CAR), resulting in CAR neutrophils with superior and specific cyto-
toxicity against tumors cells both in vitro and in vivo glioblastoma 
models (Chang et al., 2022). CARs have been used in T and natural killer 
cells to boost anti-tumor effects (Feins et al., 2019). CAR-neutrophil 
engineering may represent a novel strategy for immunotherapies 
going forward. 

There is evidence that neutrophils and their molecules (granule 
proteins and cytokines) can have direct effects on brain cells. An inter-
esting avenue of investigation may be the specific role of neutrophil 
granule proteins in AD. For example, MPO’s ability to affect neuronal 
activity and astrocyte survival makes it a promising molecule to inves-
tigate CNS conditions where neutrophils infiltrate the brain. There are 
current therapeutic agents that inhibit MPO function (Roth Flach et al., 
2019; Chen et al., 2022). Neutrophils may be adapted for use in the brain 
to dampen the effect of MPO and neutrophils. Depletion of neutrophils 
has been suggested as a therapy to benefit AD patients (Zenaro et al., 
2015). However, the high risk of infection in older patients (those more 
affected by AD) dampens enthusiasm for this as a treatment target. 
However, targeting specific molecular pathways of neutrophil effector 
functions presents a potentially less risky strategy. For example, it is 
reasonable to believe that IL-17, with its role in recruiting neutrophils 
into the CNS, may be a good therapeutic target. Modulation of NETs has 
the potential to positively affect disease outcomes. Treatments aimed at 
pathological contributors of AD, including the neutrophils associated 
with Aβ plaques, may hold promise as treatments (Aries and 
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Hensley-McBain, 2023). 

6. Conclusions 

Neutrophils play a vital role in inflammation as the first cell to be 
recruited under pathologic conditions. It is clear neutrophils are present 
in and recruited to the CNS as a part of the inflammatory response. In-
teractions with neutrophil activity hold promise for effective treatments 
in AD and CNS cancers. However, much remains unknown about the 
exact mechanisms through which neutrophils specifically impact CNS 
function under these conditions. 
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Futosi, K., Fodor, S., Mócsai, A., 2013. Neutrophil cell surface receptors and their 
intracellular signal transduction pathways [Internet] Int. Immunopharm. 17 (3), 
638–650. https://doi.org/10.1016/j.intimp.2013.06.034. 

Gabrusiewicz, K., Rodriguez, B., Wei, J., Hashimoto, Y., Healy, L.M., Maiti, S.N., et al., 
2016. Glioblastoma-infiltrated innate immune cells resemble M0 macrophage 
phenotype. JCI Insight 1 (2). 

Gellhaar, S., Sunnemark, D., Eriksson, H., Olson, L., Galter, D., 2017. Myeloperoxidase- 
immunoreactive cells are significantly increased in brain areas affected by 
neurodegeneration in Parkinson’s and Alzheimer’s disease [Internet] Cell Tissue Res. 
369 (3), 445–454. Available from: http://www.ncbi.nlm.nih.gov/pubmed 
/28466093. 

Giatromanolaki, A., Sivridis, E., Gatter, K.C., Turley, H., Harris, A.L., Koukourakis, M.I., 
2006. Lactate dehydrogenase 5 (LDH-5) expression in endometrial cancer relates to 
the activated VEGF/VEGFR2(KDR) pathway and prognosis [Internet] Gynecol. 
Oncol. 103 (3), 912–918. Available from: https://linkinghub.elsevier.com/retrieve 
/pii/S0090825806004392. 

Gorina, R., Lyck, R., Vestweber, D., Engelhardt, B., 2014. β2 integrin–mediated crawling 
on endothelial ICAM-1 and ICAM-2 is a prerequisite for transcellular neutrophil 
diapedesis across the inflamed blood–brain barrier. J. Immunol. 192 (1), 324–337. 

Granot, Z., Henke, E., Comen, E.A., King, T.A., Norton, L., Benezra, R., 2011. Tumor 
entrained neutrophils inhibit seeding in the premetastatic lung [Internet] Cancer 
Cell 20 (3), 300–314. Available from: https://linkinghub.elsevier.com/retrieve/pii 
/S1535610811003096. 

Green, P.S., Mendez, A.J., Jacob, J.S., Crowley, J.R., Growdon, W., Hyman, B.T., et al., 
2004. Neuronal expression of myeloperoxidase is increased in Alzheimer’s disease. 
J. Neurochem. 90 (3), 724–733. 

I. Salken et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S2666-3546(23)00102-3/sref1
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref1
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref1
https://doi.org/10.1016/j.it.2016.03.005
https://doi.org/10.1016/j.it.2016.03.005
https://doi.org/10.1038/s41467-020-20599-x
https://doi.org/10.1038/s41467-020-20599-x
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref4
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref4
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref5
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref5
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref5
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref5
https://www.frontiersin.org/articles/10.3389/fimmu.2022.949451/full
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref7
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref7
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref8
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref8
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref8
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref9
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref9
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref10
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref10
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref10
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref11
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref11
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref11
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref11
http://www.ncbi.nlm.nih.gov/pubmed/28711992
http://www.ncbi.nlm.nih.gov/pubmed/28711992
https://doi.org/10.1016/j.smim.2021.101583
https://doi.org/10.1016/j.smim.2021.101583
https://doi.org/10.1016/j.immuni.2010.11.011
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref15
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref15
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref16
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref16
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref16
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref17
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref17
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref17
http://www.ncbi.nlm.nih.gov/pubmed/36375379
http://www.ncbi.nlm.nih.gov/pubmed/36375379
http://www.ncbi.nlm.nih.gov/pubmed/22796429
http://www.ncbi.nlm.nih.gov/pubmed/22796429
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref20
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref20
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref20
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref21
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref21
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref21
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref21
http://www.ncbi.nlm.nih.gov/pubmed/35924463
https://doi.org/10.1007/s12028-019-00871-9
https://doi.org/10.1007/s12028-019-00871-9
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref24
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref24
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref24
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref24
http://www.ncbi.nlm.nih.gov/pubmed/29734477
http://www.ncbi.nlm.nih.gov/pubmed/20393191
https://doi.org/10.1016/j.ebiom.2019.08.004
https://doi.org/10.1016/j.ebiom.2019.08.004
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref28
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref28
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref29
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref29
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref29
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref30
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref30
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref30
http://www.ncbi.nlm.nih.gov/pubmed/29369398
http://www.ncbi.nlm.nih.gov/pubmed/29369398
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref32
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref32
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref32
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref33
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref33
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref34
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref34
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref34
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref35
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref35
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref35
http://www.ncbi.nlm.nih.gov/pubmed/17934488
http://www.ncbi.nlm.nih.gov/pubmed/17934488
https://doi.org/10.1016/j.intimp.2013.06.034
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref38
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref38
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref38
http://www.ncbi.nlm.nih.gov/pubmed/28466093
http://www.ncbi.nlm.nih.gov/pubmed/28466093
https://linkinghub.elsevier.com/retrieve/pii/S0090825806004392
https://linkinghub.elsevier.com/retrieve/pii/S0090825806004392
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref41
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref41
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref41
https://linkinghub.elsevier.com/retrieve/pii/S1535610811003096
https://linkinghub.elsevier.com/retrieve/pii/S1535610811003096
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref43
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref43
http://refhub.elsevier.com/S2666-3546(23)00102-3/sref43


Brain, Behavior, & Immunity - Health 33 (2023) 100688

7

Gu, Y.L., Gao, G.Q., Ma, N., Ye, L.L., Zhang, L.W., Gao, X., et al., 2016. CNTF protects 
neurons from hypoxic injury through the activation of STAT3pTyr705 [Internet] Int. 
J. Mol. Med. 38 (6), 1915–1921. Available from: http://www.ncbi.nlm.nih.gov/pub 
med/27748830. 

Gullotta, G.S., De Feo, D., Friebel, E., Semerano, A., Scotti, G.M., Bergamaschi, A., et al., 
2023. Age-induced alterations of granulopoiesis generate atypical neutrophils that 
aggravate stroke pathology [Internet] Nat. Immunol. 24, 925–940. Available from: 
https://www.nature.com/articles/s41590-023-01505-1. 

Herring, S.E., Mao, S., Bhalla, M., Tchalla, E.Y.I., Kramer, J.M., Bou Ghanem, E.N., 2022. 
Mitochondrial ROS production by neutrophils is required for host antimicrobial 
function against Streptococcus pneumoniae and is controlled by A2B adenosine 
receptor signaling. PLoS Pathog. 18 (11), 1–29. 

Hor, W.-S., Huang, W.-L., Lin, Y.-S., Yang, B.-C., 2003. Cross-talk between tumor cells 
and neutrophils through the Fas (APO-1, CD95)/FasL system: human glioma cells 
enhance cell viability and stimulate cytokine production in neutrophils [Internet] 
J. Leukoc. Biol. 73 (3), 363–368. Available from: https://academic.oup.com/jleu 
kbio/article/73/3/363/6979356. 

Hughes, C.E., Nibbs, R.J.B., 2018. A guide to chemokines and their receptors. FEBS J. 
285 (16), 2944–2971. 

Injarabian, L., Devin, A., Ransac, S., Marteyn, B.S., 2020. Neutrophil metabolic shift 
during their lifecycle: impact on their survival and activation. Int. J. Mol. Sci. 21 (1), 
1–23. 

Jaillon, S., Ponzetta, A., Di Mitri, D., Santoni, A., Bonecchi, R., Mantovani, A., 2020. 
Neutrophil diversity and plasticity in tumour progression and therapy [Internet] Nat. 
Rev. Cancer 20 (9), 485–503. https://doi.org/10.1038/s41568-020-0281-y. 

Jiang, B., 2017. Aerobic glycolysis and high level of lactate in cancer metabolism and 
microenvironment [Internet] Genes Dis 4 (1), 25–27. Available from: http://www. 
ncbi.nlm.nih.gov/pubmed/30258905. 

Jun, H.S., Lee, Y.M., Cheung, Y.Y., McDermott, D.H., Murphy, P.M., De Ravin, S.S., et al., 
2010. Lack of glucose recycling between endoplasmic reticulum and cytoplasm 
underlies cellular dysfunction in glucose-6-phosphatase-β-deficient neutrophils in a 
congenital neutropenia syndrome. Blood 116 (15), 2783–2792. 

Kalafati, L., Mitroulis, I., Verginis, P., Chavakis, T., Kourtzelis, I., 2020. Neutrophils as 
orchestrators in tumor development and metastasis formation [Internet] Front. 
Oncol. 10. Available from: https://www.frontiersin.org/articles/10.3389/fo 
nc.2020.581457/full. 

Kanashiro, A., Hiroki, C.H., da Fonseca, D.M., Birbrair, A., Ferreira, R.G., Bassi, G.S., 
et al., 2020. The role of neutrophils in neuro-immune modulation. Pharmacol. Res. 
151 (September 2019). 

Kaplan, J.M., 2013. Neutrophil Extracelullar Traps (NETs):Double-Edged Swords of 
Innate Immunity 1, vol. 189, pp. 2689–2695, 6.  

Khan, S., Mittal, S., McGee, K., Alfaro-Munoz, K.D., Majd, N., Balasubramaniyan, V., 
et al., 2020. Role of neutrophils and myeloid-derived suppressor cells in glioma 
progression and treatment resistance. Int. J. Mol. Sci. 21 (6), 6–9. 
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