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Abstract

Neutrophils are the innate immune system’s first line of defense. Neutrophils play a critical role in protecting the host
against infectious pathogens, resolving sterile injuries, and mediating inflammatory responses. The granules of neutrophils
and their constituent proteins are central to these functions. Although neutrophils may exert a protective role upon acute
inflammatory conditions or insults, continued activity of neutrophils in chronic inflammatory diseases can contribute to
tissue damage. Neutrophil granule proteins are involved in a number of chronic inflammatory conditions and diseases.
However, the functions of these proteins in neuroinflammation and chronic neuroinflammatory diseases, including
Alzheimer’s disease (AD), remain to be elucidated. In this review, we discuss recent findings from our lab and others that
suggest possible functions for neutrophils and the neutrophil granule proteins, CAP37, neutrophil elastase, and cathepsin
G, in neuroinflammation, with an emphasis on AD. These findings reveal that neutrophil granule proteins may exert both
neuroprotective and neurotoxic effects. Further research should determine whether neutrophil granule proteins are valid
targets for therapeutic interventions in chronic neuroinflammatory diseases.
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Background
Neutrophils are the most abundant leukocytes in the
human circulatory system [1]. Although the most
well-known function of neutrophils is defending the host
against infectious pathogens, they also facilitate the repair
of sterile wounds and mediate inflammation resulting from
infectious and sterile injuries [2]. The production and
differentiation of neutrophils occur in the bone marrow,
where they are formed at a rate of ~ 16 × 1010 cells/day in
humans [3]. Neutrophils are unique among other immune
cells due to their short half-lives of 6–8 h, rapid response,
and ability to capture microbes with neutrophil extracellu-
lar traps (NETs), which are protruding structures consisting
of decondensed chromatin and antimicrobial/granular pro-
teins that allow the neutrophils to eliminate extracellular
pathogens [1–3]. They are able to rapidly migrate towards
regions of injury or infection, phagocytose pathogens and

debris, and release reactive oxygen species, cytokines,
chemokines, proteases, and antimicrobial proteins and
peptides that help kill bacteria and regulate inflammation
[2]. While neutrophil antimicrobial and inflammatory func-
tions are generally considered beneficial, prolonged activa-
tion of neutrophils can also contribute to tissue damage
[1]. It is known that neutrophils play a role in a number of
chronic inflammatory conditions and diseases, including
cystic fibrosis [4], chronic obstructive pulmonary disease
[5], atherosclerosis [1], and rheumatoid arthritis [6].
However, the involvement of peripheral neutrophils and
neutrophils in the brain in chronic inflammatory neurode-
generative diseases, such as Alzheimer’s disease (AD),
remains to be elucidated.
In this review, we focus on three neutrophil granule

proteins: the cationic antimicrobial protein of 37 kDa
(CAP37), neutrophil elastase, and cathepsin G. We dis-
cuss their expression by non-neutrophil cells in the brain
and in the periphery, and the functions of these proteins
that could be either protective or harmful under normal
physiological or neuroinflammatory conditions. Findings
from our lab [7–10] that suggest a potential role for
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these neutrophil proteins in neuroinflammation and AD
will be reviewed.

Alzheimer’s disease
AD is the most common cause of dementia and the sixth
leading cause of death in the USA [11]. The two major
pathological hallmarks of AD are the presence of senile
plaques containing amyloid beta (Aβ) peptides and tau
protein-containing neurofibrillary tangles, derived from
hyperphosphorylation of the microtubule-associated pro-
tein tau [12]. The etiology of late-onset AD is unknown,
but is believed to be multifactorial [13]. Some pathological
events hypothesized to contribute include excitotoxicity
due to excessive glutamate levels, decreased acetylcholine
neurotransmission, oxidative stress, disruption of the
blood-brain barrier (BBB), decreased glucose metabolism,
and vascular dysfunction, which can collectively contribute
to memory impairment [14]. Neuroinflammation is an-
other major pathological feature associated with AD [14],
which we will discuss in this review. The involvement of
microglia and astrocytes in neuroinflammation associated
with AD is well established [14]. Additionally, peripheral
immune cells, including monocytes and T cells, have been
found to traverse the BBB [14, 15], and researchers have
been investigating the effects of these immune cells in the
brains of AD patients for a number of years [16–20]. In
contrast, the role of neutrophils in the brains of AD
patients has been under-appreciated and under-studied.
Our recent findings demonstrate that specific neutrophil
proteins may regulate neuroinflammation associated with
AD [9, 10]. These findings emphasize the importance of
investigating neutrophils in AD.

Neutrophils in Alzheimer’s disease
Modest research has been performed to investigate the role
of neutrophils in AD. A report by Scali et al. [21] demon-
strated that the CD11b integrin was upregulated in periph-
eral blood neutrophils of patients with AD. Increased
neutrophil expression of CD11b, which supports neutro-
phil adhesion and migration, positively correlated with dis-
ease severity. A different study by Vitte et al. [22] revealed
increased levels of reactive oxygen species in peripheral
blood neutrophils from patients with AD compared with
controls. These findings suggest that neutrophils may exist
in a more activated state during AD. In more recent stud-
ies, the use of two-photon laser imaging on mouse models
of AD revealed that neutrophils were traversing the BBB
into the brain. Baik et al. [23] showed live imaging of neu-
trophils entering the brain parenchyma in 5XFAD mice, a
mouse model of AD. This migration was not seen in
wild-type control mice. Importantly, the neutrophils that
entered the parenchyma remained motile and accumulated
around amyloid beta (Aβ) plaques in the AD mice. These
findings were corroborated in a report by Zenaro et al.

[24]. This report demonstrated increased neutrophils in
the brain parenchyma of 5XFAD mice as well as 3xTg-AD
mice, another mouse model of AD. Two-photon laser im-
aging confirmed the extravasation of neutrophils into the
brain parenchyma of the 5XFAD mice. In this study, Aβ in-
creased the affinity state of lymphocyte function-associated
antigen-1 (LFA-1), a leukocyte integrin expressed on neu-
trophils that binds to adhesion molecules like ICAM-1.
Since Aβ enhanced the affinity state of LFA-1, the authors
concluded that the increased neutrophil adhesion was
likely dependent on the effects of Aβ on LFA-1. Binding of
neutrophils to ICAM-1 on brain endothelial cells could
lead to neutrophil transmigration into the brain paren-
chyma. In AD mice that were LFA-1 deficient, neutrophils
did not infiltrate the brain parenchyma, indicating that
neutrophil infiltration was facilitated by LFA-1. Depletion
of neutrophils or LFA-1 improved cognitive function,
decreased microgliosis, and decreased the levels of Aβ1–42
in the brain homogenates of 3xTg-AD mice. Furthermore,
neutrophil depletion decreased the levels of phosphorylated
tau (phospho-Ser202 and phospho-Thr205) in the AD
mice. In addition, this study demonstrated higher numbers
of neutrophils in the cerebral blood vessels and brain
parenchyma of human AD patients compared with
age-matched controls. Overall, these findings suggest the
possibility that neutrophils could contribute to AD
pathology.

Neutrophil granule proteins
Neutrophils contain four types of granules, all of which are
formed during neutrophil differentiation. The four types of
granules are the azurophil, specific, gelatinase, and
secretory granules [25]. Since the granules are formed dur-
ing neutrophil differentiation, their constituent proteins
are “pre-packaged,” and readily available to be released to
participate in various functions in the host’s response to
infection or inflammation [26]. When neutrophils are
activated, the contents of the secretory granules are the
quickest to undergo exocytosis (during the early stage of
neutrophil activation), followed by the release of the
contents of the gelatinase granules, and specific granules.
Azurophil granules experience limited exocytosis, which
occurs during the late stage of neutrophil activation. The
contents of azurophil granules function primarily within
the phagolysosomes [27]. Some of the major proteins
found in azurophil granules are antibacterial proteins like
myeloperoxidase and CAP37 [28], also known as azuroci-
din [29] or heparin binding protein [30]. Proteases that
degrade extracellular matrix proteins, facilitate immune
receptor activation and inactivation, and assist in digestion
and clearance of pathogens are also present in azurophil
granules [28]. These proteins include neutrophil elastase,
cathepsin G, and proteinase-3. The specific granules
harbor the antibacterial proteins lactoferrin, neutrophil
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gelatinase-associated lipocalin, cathelicidin, and lysozyme
[28]. Proteases, such as collagenase, are also found in
specific granules. Major constituent proteins of gelatinase
granules include the antibacterial protein, lysozyme, and
the proteases gelatinase (also known as matrix metallopro-
teinase 9, MMP9) and leukolysin (MMP25). Secretory
granules are rich in transmembrane receptors (e.g., tumor
necrosis factor receptors and interferon-α receptors) that
integrate into the plasma membrane of neutrophils as exo-
cytosis takes place. The secretory granules do not contain
many antibacterial proteins or proteases [28]. However,
the antimicrobial protein CAP37, unlike most other azuro-
phil granule proteins, is also found in secretory granules.
Therefore, CAP37 is secreted during both the early and
late stages of neutrophil activation [29].

CAP37, neutrophil elastase, and cathepsin G
We focus on the neuroinflammatory role of CAP37 in this
review since our lab has demonstrated effects of CAP37 on
microglial functions [8]. In addition, we previously investi-
gated the expression of CAP37 in AD, and demonstrated
an upregulation of CAP37 in patients with AD [7, 9]. We
will discuss the role of two other neutrophil proteins:
neutrophil elastase and cathepsin G. CAP37 shares
approximately 45% and 32% sequence identity with neutro-
phil elastase and cathepsin G, respectively [31]. All three
neutrophil proteins share a similar three-dimensional
structure, with two homologous β-barrels, formed by six
anti-parallel β strands and a C-terminal α-helix [32, 33].
Furthermore, a correlation analysis revealed that gene ex-
pression of neutrophil elastase and cathepsin G positively
correlated with CAP37 expression [10]. Neutrophil elastase
and cathepsin G, which are serine proteases, cleave various
extracellular matrix proteins and share many of the same
substrates [34]. Although CAP37 was previously believed
to lack serine protease activity [35, 36], this theory has be-
come controversial. Recent reports have demonstrated that
insulin-like growth factor binding proteins-1, -2, and -4
can be cleaved by CAP37 [37, 38]. In addition, our lab
showed cleavage of the Alzheimer’s-associated peptide, Aβ,
by CAP37 [10], which will be discussed in a later section of
this review.
In neutrophils, the primary functions of CAP37, neu-

trophil elastase, and cathepsin G are to defend the host
against microbial pathogens and to mediate inflamma-
tion [33, 39]. Upon activation, neutrophils attach to vas-
cular endothelial cells to prepare for extravasation into
infected and injured tissue. CAP37 is released from the
azurophil and secretory granules of neutrophils, and ad-
heres to the negatively charged proteoglycans on the
surface of the endothelium (Fig. 1) [36]. While attached
to the proteoglycans, CAP37 recruits and activates
monocytes by increasing their intracellular Ca2+ [40, 41].
In addition, CAP37 has been shown to increase the

expression of adhesion molecules, including ICAM-1,
platelet endothelial cell adhesion molecule 1 (PECAM-1),
vascular cell adhesion protein 1 (VCAM-1), and E-selectin,
on endothelial cells [42, 43]. This further promotes the
adherence and extravasation of additional neutrophils and
monocytes. Once neutrophils extravasate into infected and
injured tissues, they phagocytose microorganisms and deb-
ris. Upon ingestion, the microorganisms are taken up into
phagosomes. Azurophil granules harboring CAP37, neutro-
phil elastase, and cathepsin G fuse with the phagosomes to
form phagolysosomes and implement killing through a
non-oxidative mechanism [33].
CAP37 has biological effects on various mammalian

cells including endothelial cells, monocytes, and macro-
phages [29, 44]. For example, rearrangement of the endo-
thelial cell cytoskeleton and subsequent endothelial cell
contraction induced by CAP37 lead to increased vascular
permeability [45]. Our lab previously demonstrated the
effects of CAP37 on smooth muscle cells, including
induction of vascular smooth muscle cell migration and
proliferation and increased ICAM-1 expression [46]. Im-
portantly, CAP37 also recruits other immune cells to sites
of injury and infection through its chemotactic activity for
monocytes [47] and macrophages [36]. CAP37 induces
the release of the cytokines TNF-α and interferon gamma
(IFN-γ) from macrophages and enhances the phagocytosis
of bacteria by macrophages [48].
Although neutrophil elastase and cathepsin G are not

stored and released from secretory granules, they can be
transported to the plasma membrane and released from
azurophil granules to exert inflammatory activities in the
extracellular space (Fig. 1) [25]. In the extracellular
environment, neutrophil elastase and cathepsin G cleave
chemokines and cytokines, leading to their activation or
inactivation. Like CAP37, cathepsin G is chemotactic for
monocytes. However, the chemotactic activity of cathepsin
G has been determined to be dependent on its enzymatic
activity [25].
CAP37, neutrophil elastase, and cathepsin G are not

restricted to neutrophils, as they have been identified in
other mammalian cells. Neutrophil elastase and cathep-
sin G are expressed in a low percentage of monocytes.
CAP37 was expressed in endothelial cells and smooth
muscle cells within areas of atherosclerotic lesions [46,
49]. Expression of CAP37 is induced in the corneal
epithelium, limbus, ciliary epithelium, ciliary vascular
endothelium, and stromal fibroblasts in a rabbit model
of bacterial keratitis [50]. Increased levels of CAP37 in
plasma have been described in patients with sepsis [51].

CAP37, neutrophil elastase, and cathepsin G in
neuroinflammation
The roles of CAP37, neutrophil elastase, and cathepsin
G in inflammation are well documented [25, 29, 33, 49].
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However, the inflammatory roles of these proteins in the
central nervous system (CNS) are not well known. These
proteins are expressed in the CNS upon certain inflam-
matory insults or diseases [52–54]. The expression of
neutrophil elastase and cathepsin G has been demon-
strated in microglial cells [55, 56] and in the cerebro-
spinal fluid [52, 53]. In a study by Linder et al., [52]
significantly higher levels of CAP37 were found in the
cerebrospinal fluid (CSF) of patients with acute bacterial
meningitis than in patients with viral meningitis, viral
encephalitis, neuroborreliosis, and normal controls. An-
other study revealed that neutrophil elastase activity was
significantly higher in the CSF of patients with purulent
meningitis than in patients with aseptic meningitis [53].
Previous literature has indicated that neutrophil elastase

and/or cathepsin G may be involved in the pathology as-
sociated with traumatic brain injury, neuromyelitis optica,
and ischemic stroke [54–56]. In a study by Semple et al.,
[54] mice were inflicted with a brain injury at postnatal
day 21 using the controlled cortical impact model of trau-
matic brain injury to mimic injury to a young human

brain (approximately 2 years old). This study demon-
strated that mice deficient in neutrophil elastase exhibited
less vasogenic edema and cell death, and had improved
spatial memory retention compared with wild-type mice,
indicating that neutrophil elastase may contribute to brain
damage and pathology. Neuromyelitis optica is an inflam-
matory disease in which neuron demyelination occurs in
the optic nerve and spinal cord. In a study investigating
the effects of neutrophils in a mouse model of neuromy-
elitis optica, intracerebral injection of inhibitors of neutro-
phil elastase and cathepsin G, as well as intraperitoneal
injection of neutrophil elastase inhibitor alone, reduced
neuromyelitis optica brain lesions [57]. Inhibition of
cathepsin G has also been found to increase cerebral
blood flow and reduce infarct volume and neurobehavioral
deficits in a mouse model of ischemic stroke [58].
CAP37 may play a role in neuroinflammation by

modulating the functions of microglial cells. The resi-
dent macrophages of the brain, known as microglia, are
the predominant modulators of neuroinflammation [59].
In their resting state, microglia exhibit a stretched or

Fig. 1 Effects of the neutrophil (PMN) proteins CAP37, neutrophil elastase, and cathepsin G on inflammation and host defense. a CAP37 released
from secretory or azurophil granules of PMN can accumulate on proteoglycans on endothelial cells. CAP37 on proteoglycans activates monocytes
by increasing intracellular calcium mobilization which leads to increased monocyte adhesion to endothelial cells. b CAP37 and cathepsin G
released from neutrophils within the injured/infected tissues are chemotactic for monocytes, causing more monocytes to extravasate into the
tissue. c CAP37 increases the expression of adhesion proteins (ICAM-1, VCAM-1, PECAM-1) on endothelial cells, leading to the attachment and
extravasation of more monocytes and PMNs into the tissue. d Secreted neutrophil elastase and cathepsin G cleave various cytokines and
chemokines leading to their activation (green) or inactivation (red). Neutrophil elastase cleaves progranulin, an anti-inflammatory protein, and
prevents its anti-inflammatory functions. Neutrophil elastase also cleaves and inactivates the chemokine SDF-1α. Both neutrophil elastase and
cathepsin G cleave and inactivate the pro-inflammatory cytokines TNF-α and IL-6. Cathepsin G cleaves and activates the chemokines CXCL5 and
CCL15 leading to recruitment of more immune cells
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ramified morphology while scanning the microenviron-
ment for potential pathogens. When microglia are acti-
vated by pathogen-associated molecular patterns or
damage-associated molecular patterns, they display an
amoeboid morphology [60–63]. Chemotactic receptors
expressed on activated microglia allow them to sense ATP
or chemokines released from cells surrounding the site of
injury/infection and to migrate towards this site by follow-
ing ATP or chemotactic gradients [64, 65]. Activated
microglia express increased levels of complement recep-
tors and major histocompatibility molecules, and they re-
lease growth factors, chemokines, pro-inflammatory
cytokines, and pro-oxidant molecules, including TNF-α,
IL-1β, superoxides, and nitric oxide [64, 66]. Additionally,
active microglial cells phagocytose harmful debris and
pathogens that could damage surrounding brain cells [61].
During certain neurodegenerative diseases, such as AD,

microglial functions become dysregulated, and prolonged
neuroinflammation likely contributes to neurotoxicity [65,
66]. Increased numbers of activated microglial cells [67,
68] and higher levels of pro-inflammatory cytokines are
present in the brains of patients with AD [69, 70]. Inter-
estingly, a rare mutation on the triggering receptor
expressed on myeloid cells 2 (TREM2), a gene that facili-
tates microglial phagocytosis, increases the risks of neuro-
degenerative diseases, including AD [71]. Thus,
dysregulated phagocytic activity of microglia likely con-
tributes to neuronal death and dysfunction in AD [72].
Our lab found that CAP37 activates microglial cells [8].

N9 mouse microglial cells treated with CAP37 displayed
an amoeboid (active) morphology, released higher levels
of the pro-inflammatory cytokines, TNF-α and interleukin
-1 beta (IL-1β), and demonstrated increased expression of
the chemokines RANTES and fractalkine [8]. In vitro
assays demonstrated that CAP37 induced chemotaxis of
the microglial cells and enhanced their phagocytic activity
towards serum-opsonized zymosan A particles.
The collective findings on the involvement of CAP37,

neutrophil elastase, and cathepsin G in neuroinflammatory
processes and diseases of the CNS indicate that these pro-
teins may be important factors in neuroinflammation. Fur-
ther investigation is needed to determine the exact roles of
these proteins in chronic neuroinflammation-mediated
neurodegenerative diseases, such as AD.

CAP37 and Alzheimer’s disease
Published data from our laboratory demonstrate the
increased expression of CAP37 in brains of patients with
AD [7, 9]. Immunohistochemistry (IHC) performed on
hippocampal tissues revealed the presence of CAP37 in
hippocampal endothelial cells of patients with AD [7].
CAP37 expression was not observed in the brain endothe-
lial cells of normal controls or patients with Parkinson’s
disease, Binswanger disease, Progressive supranuclear palsy,

Candida microabscesses, or frontotemporal dementia
(FTD, Pick’s disease). These findings indicated that CAP37
expression in the hippocampal vasculature may be induced
in response to disease-specific pathological factors. In line
with this notion, the same study demonstrated that CAP37
expression was induced by amyloid beta 1–40 (Aβ1–40) in
rat brain endothelial cells. These findings suggest that Aβ
may be a causative factor of the expression of CAP37
observed in patients with AD. Our more recent report [9],
which was designed to look for expression of
non-neutrophilic CAP37 in brain regions other than the
hippocampal vasculature in AD patients, expands on these
previous findings. In this new study, immunohistochemis-
try, western blotting, and quantitative reverse transcriptase
polymerase chain reaction (qRT-PCR) were performed on
various brain regions from patients with Alzheimer’s
disease and normal controls.
Immunohistochemistry with a monoclonal antibody

that was developed in our lab demonstrated CAP37
positive staining in pyramidal neurons of the temporal
and parietal neocortices. CAP37 expression was also
revealed in the CA3 and CA4 pyramidal neurons of the
hippocampus. Positive staining for CAP37 was observed
in more pyramidal neurons in the temporal and parietal
neocortices of patients with AD than in age-matched
controls. The expression of CAP37 in neurons was
confirmed by qRT-PCR analysis. In addition, qRT-PCR
revealed a significant 8- and 12- fold increase in the
levels of AZU1 (CAP37) mRNA in the temporal lobe
and frontal lobes of patients with AD, respectively, com-
pared with normal controls. The transcript levels of
ELANE (neutrophil elastase) and CTSG (cathepsin G)
were not significantly higher in patients with AD, sug-
gesting that CAP37 may be specifically induced in brain
cells. However, it is not known whether the proteolytic
activity of neutrophil elastase and cathepsin G are al-
tered in AD. The temporal, parietal, and frontal lobes
where CAP37 was induced are brain regions that are
highly impacted by AD pathology [73]. Interestingly, the
occipital lobe is one of the least impacted brain regions
in AD, [73] and we did not observe a significant increase
of CAP37 in the occipital lobes of patients with AD.
These results, which demonstrated increased CAP37 in
the brain regions that undergo the greatest atrophy dur-
ing AD, further support our hypothesis that CAP37 is
associated with the pathogenesis of AD.
Since we found that Aβ1–40 induced the expression of

CAP37 in brain endothelial cells [7], we predicted that
Aβ1–40 might also be able to induce the expression of
CAP37 in neurons. This was investigated by performing
immunocytochemistry on primary human cortical neu-
rons treated with Aβ1–40 overnight [9]. Neurons were
also treated with the pro-inflammatory cytokine TNF-α,
which is increased in the brains of patients with AD.
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Results demonstrated that Aβ1–40 and TNF-α induced
the expression of CAP37 within the cell bodies of the
cortical neurons. The distinct staining of CAP37 was not
observed in vehicle-control treated neurons or in re-
sponse to the reverse/inactive Aβ peptide (Aβ40–1).
Therefore, expression of CAP37 in the brain may occur
in response to the elevated levels of Aβ and
pro-inflammatory cytokines that are present in AD. We
posit that CAP37 may respond to and mediate neuroin-
flammation in AD.

CAP37 and other neurodegenerative diseases
Since we revealed that CAP37 was upregulated in neurons
of patients with AD, we investigated whether CAP37
was present in brain cells of other patients with
immune-mediated neurodegenerative diseases. CAP37 ex-
pression in other immune-mediated neurodegenerative dis-
eases was determined by performing IHC with anti-CAP37
or mouse isotype control antibody. IHC was performed on
temporal and parietal neocortices from a patient with fron-
totemporal dementia (FTD), a patient with vascular demen-
tia (VaD), a patient with AD+ diffuse Lewy body dementia
(AD +DLBD), and corresponding age-matched controls.
These findings are summarized in Table 1. Although we
observed moderate to strong staining in the temporal neo-
cortical neurons of patients with FTD and AD+DLBD, we
noted minimal positive staining for CAP37 in neurons
from the same regions of VaD patients. Similar results were
observed upon analyzing parietal neocortices stained for
CAP37. However, the intensity of CAP37 positivity in the
neocortical neurons was lower in the parietal lobe than in
the temporal lobe of the AD+DLBD patient. These results
suggest that the level of CAP37 expression in neurons of
the brain is heterogeneous and may depend on the neural
environment and the presence of disease-specific patho-
logical constituents. We are cognizant that our analysis of
CAP37 expression in one patient with each disease may
not give an accurate representation of the disease specificity
of CAP37 in general. More patients with these diseases
should be analyzed for CAP37 expression in neurons
before any solid conclusions are made.

Receptors for CAP37, neutrophil elastase, and
cathepsin G
Identifying the receptor(s) for CAP37, neutrophil elastase,
and cathepsin G would provide important knowledge on
the functions of these proteins in neuroinflammation and

AD. Although specific receptors for these neutrophil pro-
teins have not yet been confirmed, reports have revealed
different receptors predicted to be activated or inactivated
in response to these proteins. The β2 integrins are recep-
tor subunits expressed on all leukocytes and are critical
for cell-cell adhesion. In a study by Soehnlein et al., [40]
treatment with CAP37 induced intracellular Ca2+

mobilization in the MM6 monocytic cell line and
increased monocyte adhesion to activated endothelial
cells. Another report by Påhlman et al. demonstrated that
the CAP37-induced Ca2+ mobilization was inhibited with
an antibody for β2 integrins, indicating that CAP37 may
augment monocyte activation by signaling through recep-
tors consisting of β2 integrins [74]. A report by Zen et al.
[75] demonstrated that neutrophil elastase, cathepsin G,
and proteinase-3 all cleaved the extracellular domain of
CD11b integrin, which was predicted to allow for the
detachment of neutrophils from CD11b integrins and the
subsequent transmigration of neutrophils across the endo-
thelium. These studies indicate that CAP37, neutrophil
elastase, and cathepsin G may each have important roles
in mediating leukocyte functions through integrins.
Various G-protein-coupled receptors are modulated by

CAP37, neutrophil elastase, and cathepsin G. CAP37-
induced chemotaxis of corneal epithelial cells, and cathep-
sin G-induced chemotaxis of monocytes are significantly
decreased when cells are treated with pertussis toxin [76,
77]. Since pertussis toxin is known to inhibit G-protein-
coupled receptor signaling, this indicates that CAP37 and
cathepsin G may induce their chemotactic effects by signal-
ing through a G-protein-coupled receptor that remains to
be identified. An article by Sun et al. [78] revealed that ca-
thepsin G-induced monocyte chemotaxis was inhibited
with an antibody for formyl peptide receptor and the for-
myl peptide receptor antagonist, cyclosporine H. Another
study demonstrated that cathepsin G cleaved formyl
peptide receptor agonists allowing for their extracellular
release and subsequent induction of formyl peptide
receptor-dependent chemokine (C-X-C motif) ligand 2
(CXCL2) release [79]. These studies indicate that cathepsin
G may mediate monocyte functions such as chemotaxis
through the G-protein-coupled formyl peptide receptors.
Protease-activated receptors (PARs) are a family of

G-protein-coupled receptors that are cleaved by neutro-
phil elastase and cathepsin G. To date, four different
PARs have been identified [33]. These receptors are
expressed primarily on platelets and endothelial cells
and are involved in functions such as coagulation, vascu-
lar tone, and inflammation [80]. Cathepsin G can acti-
vate PAR-4 on platelets, leading to platelet aggregation
[81]. On the other hand, PAR-1, the receptor for throm-
bin, is cleaved by neutrophil elastase and cathepsin G,
leading to its inactivation on endothelial cells and plate-
lets [33, 82].

Table 1 CAP37 positive staining in neurons of patients with
neurodegenerative disease

FTD VaD AD + DLBD

Temporal neocortex Moderate/strong Minimal Moderate/strong

Parietal neocortex Moderate/strong Minimal Minimal/moderate
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Although the majority of receptors modulated by neutro-
phil elastase and cathepsin G are cleaved directly by these
proteases, leading to their activation or inactivation,
whether the effects of CAP37 on receptors are due to en-
zymatic activity has yet to be determined. CAP37-induced
chemotactic effects appear to be dependent upon G-
protein-coupled receptor signaling, and CAP37 signaling
through β2 integrins may be important for monocyte adhe-
sion to endothelial cells. The specific G-protein-coupled
receptor and β2 integrin underlying these effects must still
be identified. It is also uncertain whether either of these
receptors are involved in the induced phagocytic activity
and upregulation of chemokines, cytokines, and/or adhe-
sion molecules that occur in specific cells in response to
CAP37. It is possible that one or more other receptors are
involved in these functions of CAP37.

RAGE and amyloid beta in neuroinflammation
and Alzheimer’s disease
A recent report from our lab [10] demonstrated a positive
correlation between expression of CAP37 and ligands for
the receptor for advanced glycation end-products (RAGE).
This led us to investigate whether CAP37 could also serve
as a ligand for RAGE. Binding of CAP37, neutrophil elas-
tase, and cathepsin G to RAGE was observed, but whether
these neutrophil proteins act as agonists or antagonists of
RAGE remains unknown. RAGE is a pattern recognition
receptor (PRR) and a member of the immunoglobulin
superfamily that recognizes a variety of ligands, including
the advanced glycation end-products (AGEs) that are well
known for their role in diabetes and atherosclerosis; Aβ,
found in the senile plaques of AD brains; inflammatory
mediators, such as members of the S100/calgranulin fam-
ily, high mobility group box 1 (HMGB-1); and the adhe-
sion molecule Mac-1 [83, 84]. RAGE is expressed on
neurons, microglia, astrocytes, and endothelial cells in the
brain [85–87]. It is expressed at low levels, but can be up-
regulated during inflammatory conditions or disease states
[88]. In patients with AD, RAGE expression is increased
in the vasculature, hippocampus, and frontal lobe [85, 89].
Binding of agonist ligands to full-length RAGE is

known to activate a signaling cascade that leads to the
activation of the transcription factor NF-κB, which aug-
ments the transcription of various pro-inflammatory cy-
tokines, chemokines, and pro-oxidant genes [90] (Fig. 2).
One of the unique aspects of RAGE is its perpetual
feed-forward signaling following activation. It has previ-
ously been demonstrated that ligand binding to RAGE
increases RAGE expression to further exacerbate the
initial response [83]. Soluble forms of RAGE that only
contain the extracellular domain of RAGE exist. Soluble
RAGE (sRAGE) binds to ligands, but does not activate
cell responses, and therefore acts as a decoy receptor to
prevent RAGE signaling.

Interestingly, in addition to their interaction with RAGE,
we found a direct interaction between neutrophil proteins
(CAP37, neutrophil elastase, and cathepsin G) and Aβ
[10]. It is known that the Aβ peptides are the main compo-
nents of senile plaques in AD. Aβ peptides are derived
from the amyloid precursor protein (APP) that is
expressed on the cell membranes of neurons [12]. The
enzymes α- , β- , and γ-secretase cleave APP, leading to
the generation of different protein fragments. APP is proc-
essed by these enzymes through a non-amyloidogenic or
an amyloidogenic pathway. The two most common Aβ
peptides that are formed through the amyloidogenic path-
way are Aβ1–40 and Aβ1–42. Approximately 90% of Aβ pep-
tide formed is Aβ1–40, and 10% is Aβ1–42 [91]. Aβ peptides
can aggregate in the extracellular space around neurons to
form soluble oligomers, protofibrils, fibrils, and insoluble
amyloid plaques, which can each cause different levels of
neurotoxicity [12]. Soluble aggregates of Aβ are neuro-
toxic; since Aβ1–42 aggregates more readily than Aβ1–40, it
is considered to be the more toxic of the two peptides. In
addition, elevated levels of Aβ1–42 relative to less toxic
Aβ1–40 appear to be correlated with AD [92–94].
Mutations in the presenilin genes, which constitute the

catalytic domain of γ-secretase, and in the APP gene are
the main causes of early-onset familial Alzheimer’s disease
[95]. These mutations lead to the increased production
and accumulation of Aβ. The positive correlation between
genetic mutations that increase Aβ deposition and AD
supports the notion that Aβ accumulation promotes
disease progression. The hypothesis that Aβ leads to a
cascade of pathological events that ultimately causes
neurotoxicity and cognitive decline in AD is known as the
amyloid cascade hypothesis. This hypothesis was proposed
by Hardy et al. in 1992 [95], and it has dominated the field
of AD research for the last 25 years. Unfortunately, a
number of candidate therapies for AD designed to target
Aβ have reached clinical trials but have failed due to lack
of efficacy or severe side effects. These studies bring into
question whether targeting Aβ is a practicable approach
for treating AD patients. However, it is worth noting that
these trials were carried out after Aβ accumulation. It is
possible that therapeutics targeting Aβ would be more
effective if administered before the Aβ accumulation could
cause neurotoxicity.
Several reports have indicated that RAGE signaling

contributes to the neuronal dysfunction and cognitive
deficits that occur in response to Aβ [89, 96, 97]. Activa-
tion of RAGE by Aβ oligomers and fibrils leads to toxic
effects, such as breakdown of the blood-brain barrier,
neuroinflammation, and oxidative stress, all hallmarks of
AD associated with cognitive decline [98]. In contrast,
activation of RAGE by Aβ monomers seems to be
non-toxic and induces neuronal differentiation [98].
RAGE expression is increased in neurons, microglia, and
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endothelial cells in the brains of patients with AD, lead-
ing to heightened Aβ-RAGE signaling [85, 89].
Aβ can evoke various functions in different cells of the

brain by signaling through RAGE. In astrocytes and cere-
bral endothelial cells, the activation of RAGE by Aβ in-
duces oxidative stress by increasing the production of
reactive oxygen species [99, 100]. Aβ binding to RAGE on
neurons induces the release of macrophage colony stimu-
lating factor (M-CSF), which then activates microglial cells
[101]. Various studies have demonstrated RAGE involve-
ment in microglial functions. Ligand activation of RAGE
has been shown to induce the release of the
pro-inflammatory cytokines TNF-α, IL-1β, and IL-6, as
well as chemokines, including macrophage inflammatory
protein 1-α (MIP-1α), chemokine ligand 5 (CCL5), and
stromal cell-derived factor 1 (SDF-1), from microglia [88].
In a study by Arancio et al., [102] mice expressing mu-

tant amyloid precursor protein (mAPP) were used as
models of AD pathology. To determine the effect of the
Aβ-RAGE interaction on neuronal function and cogni-
tion in vivo, double transgenic (Tg) mice expressing
mAPP and overexpressing RAGE in neurons were gen-
erated (Tg mAPP/RAGE) [102]. In this study, Tg mAPP/
RAGE mice had significantly higher numbers of active
microglia and astrocytes, showed greater behavioral cog-
nitive deficits, had reduced long term potentiation, and
had diminished acetylcholinesterase-positive neurites
compared with the three control groups, (Tg mAPP, Tg
RAGE, and non-transgenic [non-Tg] littermates). These
findings suggest that the presence of high levels of
RAGE in the brains of patients with AD could

exacerbate Aβ-induced inflammation, neuronal dysfunc-
tion, and cognitive impairment.
At the BBB, RAGE is the main receptor that transports

Aβ from the blood into the brain, while low density lipo-
protein receptor-related protein 1 (LRP1) is the predomin-
ant receptor that facilitates Aβ transport from the brain
into the circulation [103, 104] (Fig. 3). Importantly, expres-
sion of LRP1 is decreased, and the expression of RAGE is
increased in patients with AD, these expression levels may
support brain accumulation of Aβ [104]. Studies have also
demonstrated that Aβ may contribute to BBB disruption
[105–107]. The integrity of the BBB is supported by peri-
cytes, specialized vascular cells that wrap around endothe-
lial cells, and astrocyte end feet [108]. Endothelial cells and
the tight junctions that connect them constitute the BBB
[103] (Fig. 3). A previous report by Wan et al. [107] dem-
onstrated that treatment of a brain endothelial cell line
(bEnd.3) with Aβ decreased cell viability compared with
untreated controls. Aβ also increased permeability to so-
dium fluorescein, decreased tight junction protein expres-
sion, and induced RAGE expression in bEnd.3 cells.
Knockdown of RAGE prevented the increased sodium
fluorescein permeability and the decreased expression of
tight junction proteins. These results indicate that
Aβ-RAGE interactions induce endothelial cell defects and
may contribute to BBB disruption.

Interactions of CAP37, neutrophil elastase, and
cathepsin G with Aβ and RAGE
Proteins that bind with either RAGE or Aβ would
likely have important implications for AD and other

Fig. 2 Ligands of RAGE activate NF-κB. Ligands of RAGE include amyloid beta (Aβ), high-mobility group box-1 (HMGB1), advanced glycation end
products (AGEs), and S100 proteins. Binding of ligands to full-length RAGE located on the cell membrane induces a cell signaling cascade that
leads to activation of the transcription factor NF-κB. Activation of NF-κB stimulates the production of pro-inflammatory cytokines including TNF-α,
IL-1β, and IL-6, pro-oxidants including reactive oxygen species (ROS) and nitric oxide (NO), as well as RAGE itself. Soluble RAGE acts as a decoy
receptor to bind other RAGE ligands and prevent them from activating cell signaling through full-length RAGE
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neuroinflammatory diseases. Our recent report [10]
was the first to demonstrate interactions of CAP37,
neutrophil elastase, and cathepsin G with RAGE and
also with Aβ1–42. Results from ELISAs and far-dot
blot assays revealed binding of all three neutrophil
proteins to both Aβ1–42 and RAGE. Strong binding of
CAP37 and cathepsin G to RAGE was observed. Less
binding of neutrophil elastase to RAGE was observed.
Similarly, a high-binding affinity of Aβ1–42 to CAP37
and cathepsin G was measured, whereas binding of
Aβ1–42 to neutrophil elastase occurred with a much
lower affinity.
Since neutrophil elastase and cathepsin G were known

to have proteolytic activity, we investigated whether they
had proteolytic activity on Aβ1–42. Interestingly, we dem-
onstrated that all three neutrophil proteins, including
CAP37, could cleave Aβ1–42 using MALDI-TOF mass
spectrometry. Neutrophil elastase and cathepsin G cleaved
Aβ1–42 within seconds, and formed multiple fragment
products of Aβ1–42 peptide within 1 h of incubation with
Aβ1–42. CAP37 processed Aβ1–42 more slowly, cleaving
the majority of full-length Aβ1–42 (~ 90%) within 5 h of in-
cubation. Two fragment products of Aβ1–42 were formed
by CAP37. By performing tandem mass spectrometry, we
demonstrated that all three neutrophil proteases cleaved
Aβ1–42 between residues Ile31 and Ile32, and CAP37 and
neutrophil elastase between residues Ile32 and Gly33

(Fig. 4). Neutrophil elastase also cleaved Aβ1–42 at

Val12-His13 and Val24-Gly25 (Fig. 4, red arrows). Cathepsin
G cleaved Aβ at Glu11-Val12, His14-Gln15, and Gly25-Ser26

(Fig. 4, orange arrows).
Our recent study demonstrated that CAP37 and neu-

trophil elastase disrupted the binding of Aβ to RAGE.
However, CAP37 was not strongly competitive with Aβ
for the binding to RAGE, and the cleavage of Aβ by
CAP37 occurred at a very slow rate. Therefore, since we
observed CAP37 binding to Aβ with a high affinity, we
predicted that the mechanism by which CAP37
decreased Aβ binding to RAGE was by CAP37 binding
and sequestering Aβ away from RAGE (“quenching” of
Aβ). We proposed a different mechanism for neutrophil
elastase. Since neutrophil elastase did not bind with a
high affinity to Aβ, but rapidly degraded Aβ, we pre-
dicted that the mechanism by which neutrophil elastase
decreased Aβ binding to RAGE was by degrading Aβ.

Brain cell and tissue sources of neutrophil granule
proteins
It is known that the neutrophil granule proteins CAP37,
neutrophil elastase, and cathepsin G are expressed in
and secreted from neutrophils as well as some other
cells [25, 29, 49, 50]. We have since revealed the expres-
sion of these proteins in non-neutrophil cells of the
brain (Table 2). AZU1 (CAP37) mRNA was observed in
brain cells including human primary neurons and micro-
glia. However, the protein was only observed in neurons.

Fig. 3 Amyloid beta crosses the blood-brain barrier by receptor mediated transport. The blood-brain barrier (BBB) is composed of endothelial
cells connected by tight junction proteins. Pericytes and astrocyte end-feet around the endothelial cells support BBB integrity. Aβ can enter and
exit the brain by receptor-mediated transcytosis. RAGE is the receptor transporting Aβ from the blood into the brain and low-density lipoprotein
receptor-related protein 1(LRP-1) is the receptor transporting Aβ from the brain to the blood. An increase in the expression of RAGE and decrease
in the expression of LRP-1 supports the increased accumulation of Aβ in AD
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CAP37 was upregulated in pyramidal neurons of AD pa-
tients. CAP37 may be translated and expressed in glial
cells during other diseases or conditions, but this has
not been demonstrated to date. In contrast to AZU1
(CAP37), ELANE (neutrophil elastase), and CTSG (ca-
thepsin G) transcripts were not significantly upregulated
in patients with AD. Therefore, among the three neutro-
phil proteins, CAP37 is the only one with expression
levels that positively correlated with AD pathology.
Although ELANE was not upregulated in AD patients,

we did observe ELANE mRNA in microglia, confirming
findings from other labs that detected neutrophil elastase
and cathepsin G proteins in murine microglia [55, 56].
A previous study by Nakajima et al. [55] revealed neutro-

phil elastase in microglia conditioned medium and demon-
strated de novo synthesis of neutrophil elastase in rat
microglial cells. Since neutrophil elastase concentration in-
creased in the culture medium over time and decreased in
response to LPS, it was believed to be secreted from the
microglia. Therefore, neutrophil elastase secreted from
microglial cells could directly interact with extracellular Aβ
and RAGE on membranes of various brain cells. The
recent studies that demonstrated that neutrophils extrava-
sated into the brains of AD mice [24] indicate that neutro-
phils could be a potential source of increased neutrophil
proteins in the brain interstitial fluid during AD. Since
CAP37 is expressed within neurons, and neutrophil elas-
tase and cathepsin G have been detected in microglia, these
proteins could be released from neurons or microglia.

Necrosis of neurons or microglia could also allow for
the release of CAP37, neutrophil elastase, and/or cathep-
sin G into the extracellular fluid. Aβ, which accumulates
intracellularly in neurons [109] has been found to cause
deleterious effects on the ubiquitin proteasome system
and mitochondria. CAP37 expressed within neurons may
also interact with Aβ that is produced by neurons or with
Aβ that is taken up by cells from the extracellular space
and accumulates intracellularly [109]. Taken together,
these findings from our lab and others demonstrate the
expression of CAP37, neutrophil elastase, and cathepsin G
in non-neutrophil cells within the brain parenchyma.
Therefore, CAP37, neutrophil elastase, and cathepsin G
may be able to interact with Aβ and RAGE in the brain.

Potential effects of CAP37, neutrophil elastase,
and cathepsin G on Aβ and RAGE
Binding of CAP37, neutrophil elastase, and cathepsin G
to Aβ and RAGE [10] could modulate the neuroinflam-
mation and neurotoxicity induced by Aβ-RAGE signal-
ing. If CAP37 and neutrophil elastase decrease
Aβ-RAGE signaling on astrocytes and endothelial cells,
they may decrease oxidative stress that is induced by
Aβ-RAGE on these cells. If this binding and signaling
are inhibited on microglia and neurons, the activation of
NF-κB in these cells may be prevented, leading to de-
creased neuroinflammation. As mentioned, RAGE also
facilitates the passage of Aβ across the BBB [103, 104]. If
the neutrophil proteins were to disrupt the binding of
Aβ to RAGE in the periphery, they might help prevent
Aβ transport into the brain parenchyma.
To our knowledge, the functions and/or neurotoxic

effects of most of the specific fragments of Aβ that were
generated by CAP37, neutrophil elastase, and cathepsin G
[10] have not been determined. In a study by
Hernandez-Guillamon et al., [110] the cytotoxicity of
smaller fragments of Aβ peptide on human cerebral

Fig. 4 Sites of Aβ1–42 cleavage by Aβ degrading proteases. The amino acid sequence of Aβ1–42 is shown indicating the sites at which neprilysin
(NEP, black arrows), endothelin-converting enzyme (E, blue arrows), neutrophil elastase (NE, red arrows), plasmin (P, pink arrows), cathepsin G (CG,
orange arrows), insulin-degrading enzyme (I, purple arrows), and CAP37 (C, green arrows) cleave Aβ1–42. Asterisks (*) represent sites that are
cleaved only by CAP37, neutrophil elastase, or cathepsin G

Table 2 Expression of neutrophil proteins or mRNAs reported in
brain cells

Neurons Microglia Astrocytes

CAP37 Yes (9) Yes (9) No

Neutrophil elastase No Yes (9, 55) No

Cathepsin G No Yes (9, 56) No
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microvascular endothelial cells and on SH-SY5Y neuro-
blastoma cells was assessed. The Aβ peptides Aβ1–40,
Aβ1–34, Aβ1–30, and Aβ1–16 were all found to be less cyto-
toxic than Aβ1–42. The results from this study support the
notion that degradation of Aβ1–42 is neuroprotective. In
agreement with this notion, other investigators have stud-
ied the potential neuroprotective effects of Aβ-degrading
enzymes. This research was sparked by a 2002 study by
Iwata et al. [111] which demonstrated that neprilysin de-
graded Aβ, and that inhibition of neprilysin (NEP) resulted
in increased Aβ deposition in the brain. Since then, vari-
ous other enzymes that possess proteolytic activity against
Aβ have been identified [112]. Many of these enzymes are
being considered as therapeutic targets in AD and other
neurodegenerative diseases.
The majority of Aβ-degrading enzymes have been identi-

fied within cells of the brain parenchyma, as well as other
tissues in the periphery [112–114]. Each of the enzymes
differs with respect to their cellular and subcellular locali-
zations, their optimal pH for activity, the sites at which
they cleave Aβ, kinetics of Aβ cleavage, and their preferred
assembly state of Aβ for cleavage (monomers, oligomers,
protofibrils, or fibrils). NEP, insulin-degrading enzyme
(IDE), and endothelin-converting enzymes (ECE-1 and -2)
are some of the most well-known and characterized
Aβ-degrading proteases [112]. To our knowledge, we were
the first group to report neutrophil serine proteases
degrading Aβ. NEP and IDE cleave Aβ at Val12-His13 and
IDE cleaves at His14-Gln15 [114], which are sites that are
also cleaved by neutrophil elastase and cathepsin G,
respectively. Some of the other sites at which CAP37,
neutrophil elastase, and cathepsin G cleave Aβ are distinct
from other Aβ-degrading enzymes [114] (Fig. 4). Thus,
neutrophil serine proteases may be able to act synergistic-
ally with these other enzymes.
Our in vitro findings indicate that CAP37, neutrophil

elastase, and cathepsin G may be able to prevent the ac-
tivation of RAGE by Aβ [10]. In this way, CAP37, neu-
trophil elastase, and cathepsin G might act as RAGE
inhibitors to prevent RAGE signaling. However, whether
each of these proteins would prevent RAGE activation
by Aβ in cell culture or in vivo must be investigated.
CAP37, neutrophil elastase, and cathepsin G bind to
RAGE, but whether these neutrophil proteins would in-
crease or decrease RAGE signaling independently of Aβ
is also unknown. We did not observe CAP37 protein in
microglial cells [9]. However, the activation of microglial
cells in response to CAP37 suggests that there are one
or more receptors for CAP37 on microglia. Since RAGE
is expressed in microglia, [89] it could be one of these
receptors. CAP37 induces some of the same cellular
functions induced by other RAGE ligands. Similar to
CAP37, the RAGE ligands Aβ and S100B induce the re-
lease of pro-inflammatory cytokines from microglia [8,

97, 115, 116]. Like CAP37, other RAGE ligands (S100B,
Aβ, HMGB1) induce migration of monocytes and/or
microglia [8, 47, 116–120]. CAP37 and AGEs increase
the expression of the adhesion proteins ICAM-1 and
VCAM-1 on endothelial cells [43, 119]. Our finding that
CAP37 binds to RAGE supports the possibility that
CAP37 may act as a RAGE agonist. Further studies must
be conducted to determine whether CAP37 contributes
to microglial activation during AD and whether this acti-
vation involves RAGE.

Conclusions
Recent findings from our lab and others emphasize the
importance of delineating the roles of neutrophils and
neutrophil proteins in neuroinflammation and AD. Neu-
trophils that cross into the brain parenchyma of patients
with AD may contribute to neuronal damage and cogni-
tive decline. However, specific neutrophil granule pro-
teins may help eliminate pathogenic aggregates, such as
Aβ plaques. Therefore, it seems plausible that the neu-
trophil as a whole may contribute to AD pathology, al-
though specific functions of the neutrophil-derived
molecules may promote clearance of Aβ or pathological
debris. In addition, neutrophil proteins expressed in
other non-neutrophil cells in the brain may be involved
in AD. Our observations that CAP37 is expressed in
neurons, upregulated in brains of AD patients, and in-
duced by Aβ in neurons and endothelial cells indicate
that CAP37 responds to and may influence AD path-
ology. CAP37, neutrophil elastase, and cathepsin G may
all regulate neuroinflammation in AD by binding and
cleaving Aβ. The cleavage of Aβ by neutrophil proteins
could be important for clearing Aβ in the brain and/or
the vasculature. Furthermore, the neutrophil proteins
may modulate AD pathology by disrupting the
Aβ-RAGE interaction, which is known to contribute to
neuroinflammation and oxidative stress. These novel

Table 3 Outstanding questions to be resolved in future studies

1. Do CAP37, neutrophil elastase, and cathepsin G activate RAGE
signaling upon binding to RAGE?

2. Do CAP37, neutrophil elastase, and cathepsin G decrease
neuroinflammation by inhibiting Aβ from binding to RAGE?

3. Could neutrophil granule proteins affect the aggregation of Aβ1–42?

4. Against what specific Aβ1–42 aggregates (monomers, oligomers,
fibrils) do CAP37, neutrophil elastase, and cathepsin G have
proteolytic activity?

5. Is the density of neutrophil infiltration into the brain during AD
sufficient to allow for significant effects of the neutrophil granule
proteins? Or would potential effects be primarily due to expression
of neutrophil granule proteins in resident brain cells?

6. Would increasing the expression or activity of CAP37, neutrophil
elastase, and cathepsin G in neutrophils, neurons, or glial cells
decrease amyloid burden, tau tangle formation, and cognitive
deficits associated with AD?
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findings suggest a neuroprotective role for CAP37, neu-
trophil elastase, and cathepsin G. However, the destruc-
tive nature of neutrophil elastase and cathepsin G might
contribute to neurotoxicity if they are not kept in check
by protease inhibitors. Several questions regarding the
exact roles of neutrophil granule proteins in AD remain
to be resolved. A number of these questions are listed in
Table 3. Further research should provide knowledge of
which functions of neutrophil proteins, including
CAP37, neutrophil elastase, and cathepsin G, may con-
tribute to chronic neuroinflammation in AD or other
neurodegenerative diseases and whether specific mecha-
nisms may be harnessed for therapeutic development.
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