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Abstract: Alzheimer's Disease (AD) represents the most frequent type of dementia in elderly people.
There are two major forms of the disease: sporadic (SAD) - whose causes are not completely under-
stood - and familial (FAD) - with clear autosomal dominant inheritance. The two main hallmarks of
AD are extracellular deposits of amyloid-beta (Ap) peptide and intracellular deposits of the hyper-
phosphorylated form of the tau protein (P-tau). An ever-growing body of research supports the
infectious hypothesis of sporadic forms of AD. Indeed, it has been documented that some patho-
gens, such as herpesviruses and certain bacterial species, are commonly present in AD patients,
prompting recent clinical research to focus on the characterization of Antimicrobial Peptides
(AMPs) in this pathology. Literature also demonstrates that Ab can be considered itself as an AMP
thus representing a type of innate immune defense peptide that protect the host against a variety of
pathogens. Beyond AP, other proteins with antimicrobial activity, such as lactoferrin, defensins,
cystatins, thymosin (4, LL37, histatin 1 and statherin have been shown to be involved in AD. Here
we have summarized and discussed these findings and explored the diagnostic and therapeutic
potential of AMPs in AD.
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1. Introduction

Alzheimer's Disease (AD) is the most frequent type of dementia in elderly people [1].
The clinical features of AD include both cognitive decline and a set of non-cognitive symp-
toms involving perception, mood, personality, and basic functioning, overall known as
Neuropsychiatric or Behavioral and Psychological Symptoms of Dementia (BPSD) [2,3].
Two major forms of the disease exist: sporadic (SAD) - which causes are not completely
understood - and familial (FAD) - with a clear autosomal dominant inheritance [4,5].

The neuropathology of AD is characterized by diffuse brain atrophy and a reduction
in brain volume and weight by approximately 20%, compared to control people [6,7]. At
the microscopic level, the main neuropathological features of AD are: i) Amyloid plaques
which consist of extracellular deposits of amyloid beta (AB) peptide and other molecules
associated with axonal and dendritic damage [8]; ii) Tangles or neurofibrillary aggregates,
that are intracellular deposits of paired helical filaments (PHF). The major component of
these filaments is the hyperphosphorylated form of the protein tau (P-tau). When tau is
hyperphosphorylated, its ability to bind microtubules decreases and aggregates abnor-
mally resulting in the formation of PHFs. The aggregation of P-tau into filaments leads to
the collapse of microtubules and the reduction of axonal transport [9]. Other neuropatho-
logical features of AD are represented by synaptic and neuronal loss [10], neuroinflam-
mation accompanied by reactive gliosis [11] and a neuronal accumulation of iron [12] and
cytoplasmatic granulovacuolar degeneration bodies [13].
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Several hypotheses have been formulated to explain how these neuropathological
features are causally related to each other underpinning the pathogenesis of AD. The “Am-
yloid cascade hypothesis” [14] postulates that the progressive accumulation of Af in the
brain triggers a complex cascade of events that result in in the loss of synapses, a progres-
sive deficiency of neurotransmitters and the death of neuronal cells. According to the “cho-
linergic hypothesis”, AD is the result of a primary degenerative process that selectively af-
fects the cholinergic neurons of the brain regions that exert an important function of
awareness, attention, learning and memory such as the hippocampus, amygdala, basal
nuclei, and medial septum [15]. The “inflammation hypothesis” considers that the inflam-
matory reaction is a downstream effect of the accumulation of Ap and P-tau proteins [16].
Finally, the “infectious or microbial hypothesis” proposes that pathogens, such as viruses,
bacteria and prions, represent the main cause of AD [17]. In support of this hypothesis, it
has been documented that some pathogens, such as herpesviruses and some bacterial spe-
cies, are commonly present in AD patients [18] prompting recent clinical research to focus
on the characterization of Antimicrobial Peptides (AMPs), as novel frontier for the study of
this pathology.

AMPs, most of which are also known as host defense peptides (HDPs) [19,20], repre-
sent a very heterogeneous class of low molecular weight peptides, consisting in most cases
of 50-100 amino acids [20,21]. As suggested by Moir et al. [22], AMPs are abundant in the
brain and other immune-privileged tissues. Indeed, AMPs play a key role in the so-called
“innate or natural immunity”, consisting of a series of non-specific defense mechanisms
directed towards a wide spectrum of microorganisms and present from birth [23]. These
immune responses are pre-existing to exposure to the foreign substance (antigen) and rep-
resent the body's first defense barrier to pathogens. However, their production can be also
induced by inflammation [24,25].

Unlike classic antibiotics, AMPs are both ribosomally and non-ribosomally derived
[26,27]. Based on their secondary structure, AMPs are commonly classified into a-helical,
-sheet, or peptides with extended/random-coil structure, with most of the AMPs belong-
ing to the first two classes [20]. Likewise, based on their mechanism of action, AMPs are
classified into membrane acting and non-membrane acting peptides. The first class of
AMPs mainly harbor cationic peptides causing the disruption of the physical integrity of
the microbial membrane [21]. Non-membrane acting peptides translocate into the cyto-
plasm of bacteria to act on intracellular targets [28,29].

These two modes of action do not allow bacteria to develop resistance, unlike what
happens to conventional antibiotics [20,21]. AMPs also inhibit bacterial protein, nucleic
acid, cell wall synthesis and enzymatic activities [30-32]. In addition to bactericidal effects,
AMPs are also antivirals, antifungals [33] antitumor [34] and immunomodulatory [22,35-
38].

It has recently been proposed that AP can be considered an AMP, thus representing
a type of innate immune defense protein that protects the host from a variety of pathogens
[22,39,40] and that other proteins with antimicrobial activity, such as a- and b-defensins,
lactoferrin, cystatins A and B, histatin 1, statherin, and thymosin (34 play a key role in AD
[41-45].

However, to our knowledge, the potential role of these AMPs in the pathogenesis of
AD, as well as a tool to open new horizons in diagnosis and treatment of AD, have not
been systematically reviewed and discussed.

The purpose of this review is to comprehensively and critically analyze the current
experimental evidence on this topic, suggesting significant issues for future studies are
then put forward.

2. The infectious hypothesis of AD

Infection is a process characterized by the penetration and multiplication in living
tissues of pathogenic microorganisms or viruses. The idea that infections could underlie
AD was first proposed in 1907 by Oskar Fischer, Alois Alzheimer’s “rival” [46]. However,
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this hypothesis remained largely unexplored until 1991, when Jamieson et al. [47] found
the Herpes Simplex Virus 1 (HSV-1) DNA in the brain of AD patients. Since then, many
scientists have investigated the possible causal relationship between various pathogens
(e.g., viruses, parasites, bacteria, fungi) and the onset of AD [48].

According to the infectious or pathogens hypothesis of sporadic AD, normal ageing is as-
sociated with a weakening of brain-blood barrier (BBB) and immune system and infection
with pathogenic viruses, bacteria, fungi, or parasites leads to chronic neuroinflammation
which in turn promote the production and aggregation of Ap and P-tau and consequently
neuronal degeneration [48].

Over the past 30 years, various evidence has been collected to support this hypothe-
sis: (i) the presence of several pathogens (e.g., viruses, parasites, bacteria, fungi) in the
brain of most AD patients; (ii) the colocalization of pathogens with A plaques in the brain
of AD patients; (iii) the transmissibility of key features thought intracerebral injection of
AD brain homogenates (for a review see: Vigasova et al., [48]; Sochocka et al., [49]). More
recently, multi-microbial or poly-microbial hypothesis has also been proposed which pos-
tulates that the collective and cumulative activity of different pathogens (e.g., viruses and
bacteria, bacteria and fungi, viruses, bacteria and fungi) contributes to the development
of AD (for a review see Vigasova et al., [48]).

Although no definitive conclusions can be made regarding a causal role for patho-
gens in AD, it has been shown a dramatic reduction in dementia risk with anti-herpetic
treatment [50,51] suggesting that pathogens could represent a powerful risk factor for the
development of AD, and thus opening new and unexplored ways for the AD characteri-
zation, diagnosis, treatment and prevention.

3. AB

AB is a phylogenetically ancient peptide and highly conserved among species, alt-
hough its physiological functions are not yet fully understood [52]. Several evidence sug-
gested that it can be considered a multifunctional peptide able to: i) regulate learning,
memory, and neurogenesis; ii) promote blood-brain barrier repair following injury and
iii) act as a tumor suppressor and AMP [53].

AB is derived by proteolytic processing of a transmembrane protein known as amy-
loid protein precursor (APP) [54]. APP can be metabolized in the cell according to two
different processes. The first is the a-secretase and ADAM10 non-amyloidogenic pathway
that leads, among others, to the formation of soluble sAPPa with neuroprotective proper-
ties [55]. The second is the B- and y-secretase amyloidogenic pathway in which APP is
firstly cleaved by b-secretase and then by g-secretase. This pathway leads to the produc-
tion of releasing the AD-associated protein ABi4 which represents the main constituent
of AP senile plaques [39, 56].

Currently, more than 40 different AP peptide variants composed of 37 to 43 amino
acids have been identified [57-59]. Although it represents the main component of senile
plaques in AD, accumulation of AP has also been observed in the brains of healthy elderly
subjects [60, 61]. Furthermore, A senile plaques were also detected in mice after intrana-
sal infection with bacteria [62]. These data, together with the well documented structural
homologies with AMPs [40, 63, 64], suggested that A may represent per se an AMP in-
volved in the innate immune system, [39, 63]. Within the framework of the infectious eti-
ology of AD, it has been recently proposed the Amyloid Protection Hypothesis which postu-
lated that the AP peptide accumulation represent an innate immune response targeted to
fight and neutralize infections rather than the main responsible of the AD’s pathophysi-
ology [22, 65].

The idea that AP could be considered as a component of the innate immune system
was first proposed in 2002 by Robinson and Bishop [66] in the “Bioflocculant hypothesis”.
According to the authors, the aggregative properties of AP are due its ability to surround
and sequester pathogens - in the brain to limit their spread and - at the same time - prepare
phagocytosis. This hypothesis was supported by the identification of microbial DNA
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within AP senile plaques and the attraction of the positive charge of AB by the negatively
charged membrane of pathogens [66, 67]. A few years later, it has been documented a low
production of A1« and an increased risk of infections in immunocompetent b-secretase
knockout mice [68]. In the same manner, it has been reported an increased rate of infec-
tions in AD patients treated with the Abi-2-lowering agent tarenflurbil [69]. More directly,
Soscia et al. [40] discovered that APiwand ABraexert in vitro antimicrobial activity against
eight common microorganisms with a potency equivalent to, and in some cases greater
than, LL-37. In addition, authors found an AB-mediated activity against yeast in brain
homogenates of AD patients. The antimicrobial properties of Ab were also confirmed by
Spitzer et al. [70] which have demonstrated that AP+ variants, but not Apx variants, can
bound to microbial surfaces and induce microbial agglutination. In addition, Apx4killing
up to 80% of microorganisms in all tested pathogens (i.e, bacteria and yeast), whereas Af{3:-
20 only had a moderate anti-yeast activity. To summarize, these results are consistent with
the protective Ab activity as AMP against pathogens that, when dysregulated, could leads
to AD pathology.

More specifically than the Bioflocculant Hypothesis [66] and the Amyloid Protection
Hypothesis [65], Moir et al. [22] proposed the AB “Anti-microbial Protection Hypothesis”. In
line with the studies above discussed, authors suggested that A may play a function as
AMP, thus representing a type of innate immune defense peptide that protects the host
against a variety of pathogens [22]. The persistent activation of this pathway could lead
to chronic inflammation and neurodegeneration in AD [22].

In addition to the high concentration of total tau (T-tau) and P-tau, the reduced levels
of ABiarepresent the third core CSF biomarkers for AD [71]. whereas the ability to dis-
criminated AD from non-AD patients based on the blood levels of Abi-#2remains unclear
[72]. Indeed, a recent literature review shown that the salivary level of ABi4could repre-
sent a worthy candidate biomarker for the diagnosis of AD [73].

4. Lactoferrin

Lactoferrin, first identified in 1939 in bovine milk [74], was subsequently isolated and
purified from human and bovine milk [75, 76]. Human lactoferrin is a glycoprotein of 691
amino acids, synthesized and secreted following induction by many exocrine glands of
the body [77, 78]. Beyond milk, it is expressed in several biological fluids such as saliva,
tears, seminal fluid, and cerebrospinal fluid (CFS) [73, 78]. -In addition, it is expressed both
by neurons and glial cells [79]. Lactoferrin exert a wide range of physiological functions
including iron binding/transferring, antioxidant activities, neuroprotective properties,
regulation of the immune response, anti-inflammatory and anti-carcinogenic potential
[78].

The antimicrobial proprieties of lactoferrin are conferred by its highly positive
charged N-terminal region [80] which ensures that it can provide first line of defense
against bacteria, viruses, fungi, free radicals, protozoa and yeasts [80-84].

Interestingly, lactoferrin has been shown to bind A [85, 86] and detected in high
concentration in neurons and glial cells [79], AB senile plaques and neurofibrillary tangles
[79] of the AD brains. In particular, Osmand and Switzer [87] found that lactoferrin is a
constituent of AP senile plaques and neurofibrillary tangles of the limbic system in brain
tissues of post-mortem AD. Kawamata et al. [79], extended these results by showing that
lactoferrin is highly expressed and upregulated in both neurons and glial cells (astrocytes,
oligodendrocytes, microglia) of the brain tissues of AD patients compared to normal con-
trols. In addition, the authors find that its expression increases with age and colocalizes
with A senile plaques and neurofibrillary tangles of nearly all AD-affected areas, most
notably the hippocampus, angular cortex and entorhinal cortex. Despite these promising
results, only 16 years later another research group investigated and better characterized
the role of lactoferrin in AD [88]. In detail, An et al. [88] analyzed the expression and lo-
calization of lactoferrin transcript in the cerebral cortex of AD and normal controls using
real-time polymerase chain reaction (RT-PCR) and in situ hybridization. The results
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showed greater expression of lactoferrin mRNA in the cortex of AD patient’s brains, com-
pared to the control group. Interestingly, this increased expression was found in neutro-
philic leukocytes which in turn are localized in the activated microglia, suggesting the
release of lactoferrin during the inflammatory process in AD.

In light of the infectious hypothesis of AD these results suggests that, in this pathol-
ogy, lactoferrin is synthesized and released mainly from activated microglia, in an attempt
to counteract the accumulation of AB. Intranasal administration of human lactoferrin in
the transgenic mouse model of AD (APPswe/PS1DE9) has been shown to promote the
non-amyloidogenic metabolism of APP processing through activation of a-secretase and
ADAMI0, leading to the production of soluble form of APP, sAPPa, having a neuropro-
tective role. Indeed, sAPPa reduces generation and deposition of A3 and improves spa-
tial and cognitive learning ability in AD mice [89].

Recently, the potential role of lactoferrin in AD treatment has also been tested on
human subjects. Fifty AD patients were randomly assigned into two age- and sex-matched
groups that received either standard therapy (group 1, AD patients without lactoferrin)
or lactoferrin capsules for three months. Results show that the administration of lactofer-
rin significantly improved cognitive functions, increased the serum levels of acetylcholine,
serotonin, antioxidant and anti-inflammatory markers and the expression of Akt in pe-
ripheral blood lymphocytes (PBL), as well as PI3K, and p-Akt levels in PBL lysate. In ad-
dition, the treatment with lactoferrin reduces the levels of key players of inflammation
and oxidative stress involved in AD pathology (e.g., serum levels of A4, cholesterol, ox-
idative stress markers, IL-6, HSP-90, caspase-3, P-tau, tau, MAPK1 and PTEN) probably
modulating the p-Akt/PTEN pathway [90]. Despite these promising results, further stud-
ies are needed to confirm and better characterize the efficacy of lactoferrin in the treatment
of AD as well as to explore its administration in the prevention of AD.

Beyond treatment, the pioneering studies performed by Carro et al. [41, 91] on Span-
ish population, suggested that salivary lactoferrin could represent a useful diagnostic tool
for AD. In the first, study authors compared the salivary levels of lactoferrin between am-
nestic mild cognitive impairment (aMCI) patients (n = 15), AD patients (n = 36), and cog-
nitively healthy control group (n= 40). Results showed that the salivary lactoferrin levels
were significantly reduced in aMCI and AD patients compared with the healthy control
group. The decreased lactoferrin concentration was also correlated with MMSE score and
the APOE &4 allele status in patients with aMCI/AD and negative associated with the stage
of disease (aMCI and AD). Using linear regression and ROC analysis authors established
a cutoff value of 7.43 mg/mL to discriminate aMCI/AD from healthy subjects with a sen-
sitivity and specificity of 100%. This cutoff value was also tested and successfully used to
classify another blinded cohort of aMCI, AD, and healthy control subjects. In addition, in
a 56-subject AD subcohort authors found that saliva lactoferrin significantly correlates
with CSF Ai42and CSF T-tau compared to control group (n=68). To evaluate whether the
reduced concentration of lactoferrin was specific to AD, the authors compared its levels
between a cohort PD subject (n=59) and a control group find significantly increased levels
in the first group. Lastly, the authors also collected evidence on the possibility of predict-
ing the development of aMCI/AD in healthy subjects based on salivary levels of lactofer-
rin. In particular, they recruited two different cohorts: 116 “nonclinical” and 190 appar-
ently neurologically healthy subjects. Using the previously identified cutoff value, au-
thors classified 18 subjects with abnormally reduced lactoferrin levels (<7.43 mg/mL) and
288 with normal/high lactoferrin levels (>7.43 mg/mL). From 1 and 5 years later 14 of 18
subjects had converted to a clinical diagnosis of aMCI or AD, whereas none of the subjects
with a negative test value had converted to aMCI or AD. Thus, salivary lactoferrin levels
appear to be also a useful tool for early identification of individuals at risk of developing
aMCI/AD with a sensitivity of 100% and a specificity of 98.6% and thus more accurately
than ABi4and T-tau in CSF [41]. To better understand whether the decreased salivary
lactoferrin levels are specific of AD and thus suitable for its diagnosis, the same research
group performed a second study in which were examined the relationship between sali-
vary lactoferrin and cerebral Ab load in patients with aMCI, AD, frontotemporal dementia
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(FTD) - as an example of another type of dementia — and a healthy control group [91].
Data showed that salivary levels were decreased only in aMCI/AD and were associated
with amyloid-PET imaging profile thus supporting the possible use this biomarker in the
differential diagnosis of AD vs FDT with a sensitivity and specificity over 87% and 91%,
respectively [91]. However, Gleerup et al. [73] attempted to validate the use of salivary
lactoferrin to discriminate AD from non-AD patients in Danish population. In addition,
this study was the first to evaluate the diagnostic potential of CSF levels of lactoferrin.
Participants were divided four different groups: healthy subjects (n = 20), MCI (n = 56),
AD (n = 71) and non-AD patients (n = 75). The latter group included a heterogeneity of
conditions such as vascular dementia (VaD), mixed dementia, FTD, dementia with Lewy
bodies (DLB) and Parkinson’s disease with dementia (PDD). The results of this study
showed that there were no statistically significant differences in the levels of CSF and sal-
ivary lactoferrin between the different groups. In addition, no significant relationships
were found between lactoferrin and the CFS concentration of well-established dementia
biomarkers (Abi-4«2, P-tau, and T-tau). However, given the small sample size and the ex-
treme heterogeneity of the control group, it could be useful in future studies to increase
the sample and make a comparison between salivary levels of lactoferrin in AD patients
and - separately - with other neurodegenerative diseases (e.g., AD vs FTD vs VaD vs DLB
vs PDD). In addition, given its role in iron transport, it would be interesting to investigate
whether lactoferrin also plays a role in the well-documented iron accumulation in neurons
of AD patients.

5. Defensins

Defensins are cationic and small AMPs mainly expressed by microglia, astrocytes
and choroid plexus epithelial cells [92]. Based on their structures are commonly classified
into three groups: a-defensins, B-defensins, and 6-defensins [93]. An increasing line of
evidence indicated that o- and f-defensins can be considered as good biomarkers for AD
diagnosis. In particular, the levels of a-defensins 1-2 appear to be high in saliva, blood,
serum and CFS of AD patients [43, 94, 95], the levels of a-defensin 3 in saliva, serum and
CFS [43, 94, 95] whereas the level of a-defensin 4 only in saliva [43]. In the same manner,
it has been reported an increased level of B-defensin 2 in the serum and CFS of AD patients
compared to healthy control [95].

Moreover, defensins seems to be also involved in the molecular mechanism of AD
pathogenesis. Williams et al. [44] found an increased expression of B-defensin 1 within
granulovacuolar degeneration structures localized in the cytoplasm of hippocampal py-
ramidal neurons and in astrocytes of AD compared to non-AD control brain. A higher
level of both B-defensin 1 and B-defensin 1 mRNA was also observed in the choroid plexus
of the AD brain. Interestingly, the increased iron deposition in AD may contribute to the
elevated expression of B-defensin 1 within the choroid plexus. Overall, these findings sug-
gest an active role for f-defensin 1 as a potential modulator of the host innate immune
response within the central nervous system. Moreover, compared to control people, AD
patients show a higher copy numbers polymorphism of the DEFB4 gene - that encodes for
B-defensin 4 and influence the production of B-defensin 2 - thus explaining the increased
levels of B-defensin 2 reported in serum and CFS of AD patients [95]. More recently Zhang
et al. [45] proposed the “anti-amyloid and antimicrobial hypothesis” of AD which postulates
that o-defensins can be considered as multi-target inhibitors to prevent both microbial
infection and amyloid aggregation underlying the onset of AD. In support of this hypoth-
esis, the authors found that some a-defensins contain p-rich structures that allow it to
cross-interact with AB. This binding would seem to prevent the formation of amyloid
plaques and to reduce amyloid-induced cell toxicity. Indeed, B-defensins retain their orig-
inal antimicrobial activity upon the formation of complexes with Af.

Although further investigations are needed, these findings open new scenarios for
understanding the pathogenesis of AD and underline the therapeutic potential of AMP
for amyloid diseases.
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6. Cystatins

Cystatins include a large superfamily of related proteins with several antimicrobial,
antiviral and immunomodulatory properties [96]. These proteins can be classified into
three major categories: i) Stefins (stefin A and B; also known as cystatin A and B); ii) cys-
tatins (cystatin C, D, S, SA, and SN) and; iii) kininogens [97]. Several lines of evidence
suggested the involvement of cystatins in AD. First, cystatins A, cystatins B, and cystatins
C colocalized with AP senile plaques in AD patients [98-100]. Second, all three of these
cystatins are considered potential Ap-binding proteins in vitro and are capable of breaking
down amyloid aggregates in cells [101]. Third, cystatin B can inhibit the fibrillization of
AB in vitro [101]. Fourth, cystatin C can bind and inhibits AP oligomerization also in vivo
[102, 103]. Other findings indicated that both cystatin A and cystatin B are also two regu-
lation factors of inflammation that can inhibit cathepsins [104]. In particular, cystatin B
may play a protective role in AD through the inhibition of cathepsin B, a B-secretase en-
zyme that cleaved APP to synthesize A fragments [43, 105] Interestingly, cathepsin B is
overexpressed following chronic exposure to some bacteria producing an AD-like pheno-
type [106]. These data stress the urgency to investigate the interplay between cystatins
and the chronic exposure to microorganisms in AD patients.

Other evidence supporting the involvement of cystatins in AD derives from genomic
studies. It has been reported an association between cystatin C gene polymorphism and
an increased risk of developing AD (for a review see: [107]). In addition, a point mutation
in the cystatin C gene causes a particularly dominantly inherited type of amyloidosis: the
hereditary cystatin C amyloid angiopathy (HCCAA; [108]).

Beyond the possible role of cystatins in the pathogenesis of AD, other studies suggest
that they could also be considered good diagnostic biomarkers. Indeed, the levels of cys-
tatin C is reduced in the CFS of AD patients [107] whereas the levels of cystatins A and
cystatins B are increased in the saliva of AD patients [43].

The potential role of cystatins in the treatment of AD remains largely unexplored.
However, preliminary studies indicated that cystatins C appears to be neurotoxic both in
vivo and in vitro [109, 110], suggesting that cystatins must be used in future therapeutic
studies with a special precaution.

7. Thymosin 4

Thymosin B4 (TPs) is a small multifunctional peptide containing 43 amino acids,
which protects tissues against damage and promotes their regeneration [111]. It has been
reported that in the central nervous system T[34 is mainly released by activated microglia
to inhibit neuroinflammation [111], thus exerting an antimicrobial activity [43]. Therefore,
it is plausible to hypothesize that in AD TP4 may be released by activated microglia -
together with other AMPs and other substances - to counteract the inflammation due to
the AB accumulation. To our knowledge, the possible role of T34 in the pathophysiology
of AD has never been investigated and conflicting results have been obtained from the
few studies that examined its potential role as a biomarker of AD. Le Pera et al. [112] found
unalerted levels T34 in the CFS of AD patients. On the other hand, Contini et al. [43] found
increased levels of TP4 in the salivary of AD patients compared to a healthy control group.
Further studies are needed to better clarify these aspects.

8. LL37

LL37 is a cationic and small AMP that belongs to a group of major mammalian AMP
named cathelicidin. It is released by several types of cells such as salivary glands, neutro-
phils, leukocytes [113] as well as neurons and glial cells in response to pathogens [114,
115]. Interestingly, LL37 can also activate astrocytes and microglia to induce the glial-me-
diated neuroinflammation and thus may exert a role in the pathogenesis of AD [114]. In
particular, it has been proposed that neurons, when injured, released LL-37 which in turn
activates microglia and astrocytes. Consequently, microglia and astrocytes also release
LL-37 which can cause the translocation of NFkB proteins to the nucleus by binding
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receptors such as FPRL-1, P2X7 and P2Y11. In turn, this process can lead to the expression
and release of pro-inflammatory cytokines such as TNFa, IL-1 and IL-6, giving rise to a
positive feedback mechanism which causes further destruction of neurons [115]. Moreo-
ver, in vitro data show that LL37 can bind to APi4 to modulate its ability to form the long
and straight fibrils characteristic of AD. Thus, the balanced or unbalanced spatiotemporal
expression of ABi«2and LL37 could impact AD onset and progression [116]. Recently, it is
had been designed by bioinformatics tools as analog of LL-37, namely kLL-39, that would
appear to have an enhanced antimicrobial activity and a reduced toxicity for the host cells
[117]. In vitro studies are needed to investigate the antimicrobial effects of kLL-39 in AD.

9. Histatin 1 and Statherin

Histatin 1 and statherin represent two salivary peptides that also exert an antimicro-
bial activity [118, 119]. Contini et al. [43] compared the salivary proteome of AD patients
with a healthy control group, finding increased levels of these two AMPs in addition to
a-defensins, cystatins A and B in AD patients. Thus, also histatin 1 and statherin can be
viewed as interesting object of interest for future research on AD.

10. Conclusion

To our knowledge, this review represents the first attempt, within the international
literature, to characterize the role of several AMPs in AD. The studies reported underlin-
ing the importance of AMPs in the pathogenesis and diagnosis of AD, opening new and
poor unexplored avenues for the treatment of this incurable neurodegenerative disorder.

A strong line of evidence indicated that AB —in addition to the other documented
physiological functions — can also act as an AMP, thus representing an innate immune
response targeted to fight and neutralize pathogens. However, the persistent activation of
this pathway could lead to AR accumulation that in turn conduced to chronic neuroin-
flammation and neurodegeneration. To counteract neuroinflammation, activated micro-
glia and other glial and cellular sources, increased the synthesis and release of several
AMPs (e.g., lactoferrin, defensins, cystatins, and thymosin $4). Preliminary evidence in-
dicates that some of these AMPs can bind with AP to: i) prevent the formation of Ap am-
yloid plaques (e.g., lactoferrin, a-defensin; ii) inhibit the oligomerization and fibrillization
of AB (e.g., cystatins); iii) reduce amyloid-deposition (e.g., lactoferrin) and amyloid-in-
duced cell toxicity (e.g., a-defensin); iv) attempt to destroy AR amyloid plaques (e.g., cys-
tatins). Other AMPs (e.g., lactoferrin) reduce the levels of key players of inflammation and
oxidative stress involved in AD pathology and can also promote the non-amyloidogenic
metabolism of APP processing through activation of a-secretase pathway, leading to the
production of neuroprotective soluble sAPPa. However, the unbalanced levels of some
AMPs (e.g., LL37) may be neurotoxic and thus negatively impact AD onset and progres-
sion (Figure 1).
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Figure 1. AMPs involvement in AD.

These data drive future research toward a better characterization of the molecular
mechanisms of action of AMPs in AD and make them good candidates for the develop-
ment and experimentation of new treatments. Moreover, the role of AMPs in the patho-
genesis of AD could also be genetic, considering that at least cystatin C polymorphisms
represent a well-documented risk factor for the development of AD. Therefore, future re-
search on the role of AMPs in AD should also proceed in this direction.

Besides pathogenesis, literature suggests that AMPs may also represent good diag-
nostic candidates for the identification of a panel of biomarkers capable of identifying AD,
especially from a salivary source, and thus potentially capable of cutting down the
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expensive and lengthy current diagnostic process of AD (Table 1). However, future stud-
ies are also needed to better assess the diagnostic potential of AMPs in AD.

Table 1. AMPs biomarkers in AD. Biomarkers are listed along with their source and relationship

to AD.
Antimicrobial Peptide Source Description Reference
APz Saliva Increased in AD [73]
CFS Reduced in AD [71]
Lactoferrin Saliva Increased in AD [41]
Saliva Increased in AD [43]
a-defensin 1 Blood Increased in AD [94]
Serum Increased in AD [95]
CFS Increased in AD [95]
Saliva Increased in AD [43]
-defensin 2 Blood Increased in AD [94]
Serum Increased in AD [95]
CFS Increased in AD [95]
Saliva Increased in AD [43]
o-defensin 3 Serum Increased in AD [95]
CFS Increased in AD [95]
a-defensin 4 Saliva Increased in AD [43]

. Serum Increased in AD [95]
B-defensin 2 CFS Increased in AD [95]
Cystatins A Saliva Increased in AD [43]
Cystatins B Saliva Increased in AD [43]
Cystatins C CFS Decreased in AD [107]

Thymosin (34 Saliva Increased in AD [43]
Histatin 1 Saliva Increased in AD [43]
Statherin Saliva Increased in AD [43]

Author Contributions: F.B. conceptualized and wrote the manuscript. A.M and S.C. contributed
to the drafting. F.B. created the table. F.B. and S.C. created the figure. A.C.B. reviewed and edited
the manuscript. All authors have read and agree to the published version of the manuscript.

Funding: This research received no external funding.
Acknowledgments: Figure was created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Garcia-Blanco, A., Baquero, M., Vento, M., Gil, E., Bataller, L., Chafer-Pericas, C. Potential oxidative stress biomarkers of mild
cognitive impairment due to Alzheimer disease. Journal of the neurological sciences 2017, 373, 295-302.

2. Altomari, N., Bruno, F., Lagana, V., Smirne, N., Colao, R., Curcio, S., ... & Bruni, A. C. A Comparison of Behavioral and Psy-
chological Symptoms of Dementia (BPSD) and BPSD Sub-Syndromes in Early-Onset and Late-Onset Alzheimer’s Disease. Jour-
nal of Alzheimer’s Disease 2022, 85(2), 691-699.

3. Lagana, V., Bruno, F., Altomari, N. ef al. Neuropsychiatric or Behavioral and Psychological Symptoms of Dementia (BPSD):
focus on prevalence and natural history in Alzheimer's Disease and Frontotemporal Dementia. Frontiers in Neurology 2022 (in
press).

4. Abondio, P, Sarno, S., Giuliani, C., Lagana, V., Maletta, R., Bernardi, L., ... & Bruni, A. Amyloid Precursor Protein A713T Mu-
tation in Calabrian Patients with Alzheimer’s Disease: A Population Genomics Approach to Estimate Inheritance from a Com-
mon Ancestor. Biomedicines 2021, 10(1),

5. Zetterberg, H., Mattsson, N. Understanding the cause of sporadic Alzheimer's disease. Expert Rev Neurother. 2014, 14(6):621-630.

6. Thompson, P.M. & Vinters,H.V. Pathologic lesions in neurodegenerative diseases. Prog.Mol.Biol. Transl.Sci. 2012, Chromosoma

107, 1-40.


https://doi.org/10.20944/preprints202205.0166.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2022 doi:10.20944/preprints202205.0166.v1

10.

11.
12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

Padurariu, M., Ciobica, A., Mavroudis, I., Fotiou, D., & Baloyannis, S. Hippocampal neuronal loss in the CA1 and CAS3 areas of
Alzheimer's disease patients. Psychiatr.Danub. 2012, 24, 152-158..

Skaper, S.D. Alzheimer's disease and amyloid: culprit or coincidence? International Review of Neurobiology 2012, 102, 277-316.
Goedert, M., Spillantini, M.G., Cairns, N.J., & Crowther, R.A. Tau proteins of Alzheimer paired helical filaments: abnormal
phosphorylation of all six brain isoforms. Neuron 1992, 8, 159-168.

Zilkova, M., Koson, P., & Zilka, N. The hunt for dying neurons: insight into the neuronal loss in Alzheimer's disease. Bratislavske
Lekarske Listy 2006, 107, 366-373

Heneka MT, Carson M]J, El Khoury ], et al. Neuroinflammation in Alzheimer's disease. Lancet Neurol. 2015;14(4):388-405.
Gong, N. ], Dibb, R,, Bulk, M., van der Weerd, L., Liu, C. Imaging beta amyloid aggregation and iron accumulation in Alzhei-
mer's disease using quantitative susceptibility mapping MRI. Neuroimage 2019, 191, 176-185.

Hondius, D. C.,, Koopmans, F., Leistner, C., Pita-Illobre, D., Peferoen-Baert, R. M., Marbus, F., et al. The proteome of granu-
lovacuolar degeneration and neurofibrillary tangles in Alzheimer’s disease. Acta neuropathologica 2021, 141(3), 341-358.

Hardy J. A., Higgins G. A. Alzheimer's disease: the amyloid cascade hypothesis. Science, 1992, 256(5054), 184-185.

Terry A. V., Buccafusco J. J. The cholinergic hypothesis of age and Alzheimer's disease-related cognitive deficits: recent chal-
lenges and their implications for novel drug development. | Pharmacol Exp Ther, 2003, 306(3), 821-827.

Cunningham C. Microglia and neurodegeneration: the role of systemic inflammation. Glia, 2013, 61(1), 71-90.

Komaroff A.L. Can infections cause Alzheimer disease?. Jama, 2020, 324(3), 239-240.

Seaks CE, Wilcock DM. Infectious hypothesis of Alzheimer disease. PLoS Pathog 2020, 16(11): e1008596

Gan BH, Gaynord J, Rowe SM, Deingruber T, Spring DR. Correction: The multifaceted nature of antimicrobial peptides: current
synthetic chemistry approaches and future directions. Chem Soc Rev. 2022, 51(2):792.

Mahlapuu M, Hakansson J, Ringstad L, Bjorn C. Antimicrobial Peptides: An Emerging Category of Therapeutic Agents. Front
Cell Infect Microbiol. 2016, 6:194.

Boparai, J.K., Sharma, P.K. Mini Review on Antimicrobial Peptides, Sources, Mechanism and Recent Applications. Protein Pept
Lett. 2020, 27(1):4-16.

Moir, Robert D., Lathe, Richard, Tanzi, Rudolph E. The antimicrobial protection hypothesis of Alzheimer's disease. Alzheimer’s
& Dementia 2018.

Georgountzou, A., Papadopoulos, N.G. Postnatal Innate Immune Development: From Birth to Adulthood. Front Immunol. 2017,
8:957.

Lupetti A., Welling M. M., Pauwels E. K., Nibbering P. H. Radiolabelled antimicrobial peptides for infection detection. The
Lancet infectious diseases, 2003, 3(4), 223-229.

Welling M. M., Nabuurs R. ]., van der Weerd, L. Potential role of antimicrobial peptides in the early onset of Alzheimer's disease.
Alzheimer’s & Dementia, 2015, 11(1), 51-57.

Tajbakhsh, M., Karimi, A., Fallah F, Akhavan, M.M. Overview of ribosomal and non-ribosomal antimicrobial peptides produced
by Gram positive bacteria. Cell Mol Biol (Noisy-le-grand). 2017, 63(10):20-32.

Papagianni M. Ribosomally synthesized peptides with antimicrobial properties: biosynthesis, structure, function, and applica-
tions. Biotechnol Adv 2003, 21: 465-499.

Hollmann, A., Martinez, M., Maturana, P., Semorile, L.C., Maffia, P.C. Antimicrobial peptides: Interaction with model and bio-
logical membranes and synergism with chemical antibiotics. Front Chem. 2018, 6, 204.

Hancock, R. E., Sahl, H. G. Antimicrobial and host-defense peptides as new anti-infective therapeutic strategies. Nature biotech-
nology 2006, 24(12), 1551-1557.

Cudic, M.; Otvos, L.Jr. Intracellular targets of antibacterial peptides. Curr. Drug Targets 2002, 3(2), 101-106.

Krizsan, A.; Volke, D.; Weinert, S.; Strater, N.; Knappe, D.; Hoffmann, R. Insect-derived proline-rich antimicrobial peptides kill
bacteria by inhibiting bacterial protein translation at the 70S ribosome. Angew. Chem. Int. Ed. Engl. 2014, 53(45), 12236~ 12239.
Mansour, S.C.; Pena, O.M.; Hancock, R.E. Host defense peptides: front-line immunomodulators. Trends Immunol. 2014, 35(9),
443- 450.

Lai, Y., Gallo, R. L. AMPed up immunity: how antimicrobial peptides have multiple roles in immune defense. Trends in immu-
nology 2009, 30(3), 131-141.

Tomasinsig, L., Skerlavaj, B., Papo, N., Giabbai, B., Shai, Y., Zanetti, M. Mechanistic and functional studies of the interaction of
a proline-rich antimicrobial peptide with mammalian cells. Journal of Biological Chemistry 2006, 281(1), 383-391

Blondelle, S. E., et al. "Structure-function studies of antimicrobial and endotoxin neutralizing peptides." PEPTIDES-AMERICAN
SYMPOSIUM-. Vol. 18. Kluwer Academic Publishers, 2004.

McPhee, J. B., Scott, M. G., & Hancock, R. E. Design of host defence peptides for antimicrobial and immunity enhancing activi-
ties. Combinatorial chemistry & high throughput screening 2005, 8(3), 257-272.

Wiesner, J., Vilcinskas, A. Antimicrobial peptides: the ancient arm of the human immune system. Virulence 2010, 1(5), 440-464.
Hilchie, A. L., Wuerth, K., Hancock, R. E. Immune modulation by multifaceted cationic host defense (antimicrobial) peptides.
Nature chemical biology 2013, 9(12), 761-768.

Gosztyla, M. L., Brothers, H. M., et al. Alzheimer’s Amyloid-{ is an Antimicrobial Peptide: A Review of the Evidence. Journal of
Alzheimer’s Disease 2018, 62(4), 1495-1506

Soscia, SJ., Kirby, JE., Washicosky, KJ., Tucker, SM., Ingelsson, M., Hyman, B., Burton, MA., Goldstein, LE., Duong, S., Tanzi,
RE., Moir, RD. The Alzheimer’s disease-associated amyloid beta-protein is an antimicrobial peptide. PloS One 2010, 5, €9505.


https://doi.org/10.20944/preprints202205.0166.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2022 doi:10.20944/preprints202205.0166.v1

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

Carro, E., Bartolomé, F., Bermejo-Pareja, F., Villarejo-Galende, A., Molina, J. A, Ortiz, P., ... & Orive, G. Early diagnosis of mild
cognitive impairment and Alzheimer's disease based on salivary lactoferrin. Alzheimer’s & Dementia: Diagnosis, Assessment &
Disease Monitoring 2017, 8, 131-138.

Carro, E., Bartolomé, F., Bermejo-Pareja, F., Villarejo-Galende, A., Molina, J. A., Ortiz, P., ... & Orive, G. Early diagnosis of mild
cognitive impairment and Alzheimer's disease based on salivary lactoferrin. Alzheimer’s & Dementia: Diagnosis, Assessment &
Disease Monitoring 2017, 8, 131-138.

Contini, C., Olianas, A., Serrao, S., Deriu, C., Iavarone, F., Boroumand, M., et al. Top-down proteomics of human saliva high-
lights anti-inflammatory, antioxidant, and antimicrobial defense responses in alzheimer disease. Frontiers in neuroscience 2021,
15, 478.

Williams, W. M., Torres, S,, Siedlak, S. L., Castellani, R. J., Perry, G., Smith, M. A., & Zhu, X. Antimicrobial peptide (3-defensin-
1 expression is upregulated in Alzheimer’s brain. Journal of neuroinflammation 2013, 10(1), 1-11.

Zhang, Y., Liu, Y., Tang, Y., Zhang, D., He, H., Wu, J., & Zheng, ]. Antimicrobial a-defensins as multi-target inhibitors against
amyloid formation and microbial infection. Chemical Science 2021, 12(26), 9124-9139.

Allnutt, M. A., & Jacobson, S. Do herpesviruses play a role in Alzheimer’s disease pathogenesis?. Drug Discovery Today: Disease
Models 2020, 32, 21-26.

Jamieson, G.A., Maitland, N.J., Wilcock, G.K., Craske, J., Itzhaki, R.F. Latent herpes simplex virus type 1 in normal and Alz-
heimer’s disease brains. | Med Virol. 1991;33:224-7.

Vigasova, D., Nemergut, M., Liskova, B. et al. Multi-pathogen infections and Alzheimer’s disease. Microb Cell Fact 2021, 20, 25.
Sochocka, M., Zwolinska, K., Leszek, J. The infectious etiology of Alzheimer’s disease. Curr Neuropharmacol. 2017;15:996-1009.
Itzhaki, R. F. Does antiherpetic antiviral therapy reduce the risk of dementia? Nature Reviews Neurology 2021, 1-2.

Tzeng, N. S., Chung, C. H,, Lin, F. H., Chiang, C. P,, Yeh, C. B, Huang, S. Y., et al. Anti-herpetic medications and reduced risk
of dementia in patients with herpes simplex virus infections—a nationwide, population-based cohort study in Taiwan. Neuro-
therapeutics 2018, 15(2), 417-429.

Tharp, W. G., Sarkar, I. N. Origins of amyloid-beta. BMC Genomics 2013, 14, 290.

Kent, S. A., Spires-Jones, T. L., Durrant, C. S. The physiological roles of tau and A{: implications for Alzheimer’s disease pa-
thology and therapeutics. Acta neuropathologica 2020, 140(4), 417-447.

Sadigh-Eteghad, S., Sabermarouf, B., Majdi, A., Talebi, M., Farhoudi, M., Mahmoudji, J. Amyloid-beta: a crucial factor in Alz-
heimer's disease. Medical principles and practice 2015, 24(1), 1-10.

Kojro, E., & Fahrenholz, F. The non-amyloidogenic pathway: structure and function of a-secretases. Alzheimer’s disease 2005,
105-127.

Palladino, G., Nicolia, V., Kovacs, G. G., Canterini, S., Ciraci, V., Fuso, A, et al. Sexually dimorphic expression of reelin in the
brain of a mouse model of Alzheimer disease. Journal of Molecular Neuroscience 2017, 61(3), 359-367.

Maler, J. M. et al. Urea-based two-dimensional electrophoresis of beta-amyloid peptides in human plasma: evidence for novel
Abeta species. Proteomics 2007 ,7, 3815-3820.

Guntert, A., Dobeli, H. Bohrmann, B. High sensitivity analysis of amyloid-beta peptide composition in amyloid deposits from
human and PS2APP mouse brain. Neuroscience 2006, 143, 461-475.

Portelius, E. et al. Identification of novel APP/Abeta isoforms in human cerebrospinal fluid. Neurodegener Dis 2009, 6, 87-94.
Chow, V. W., Mattson, M. P., Wong, P. C., Gleichmann, M. An overview of APP processing enzymes and products. Neurono-
lecular Med 2010, 12, 1-12.

Wiltfang, J. et al. Highly conserved and disease-specific patterns of carboxyterminally truncated Abeta peptides 1-37/38/39 in
addition to 1-40/42 in Alzheimer’s disease and in patients with chronic neuroinflammation. | Neurochem 2002, 81, 481-496.
Little, C. S. et al. Detection of bacterial antigens and Alzheimer’s disease-like pathology in the central nervous system of BALB/c
mice following intranasal infection with a laboratory isolate of Chlamydia pneumoniae. Frontiers in aging neuroscience 2014, 6,
304.

Schluesener, H. J., Su, Y., Ebrahimi, A., Pouladsaz, D. Antimicrobial peptides in the brain: neuropeptides and amyloid. Front
Biosci (Schol Ed) 2012, 4, 1375-1380.

Kagan, B. L. et al. Antimicrobial properties of amyloid peptides. Mol Pharm 2012, 9, 708-717.

Bourgade, K., Dupuis, G., Frost, E. H., Fiilop Jr, T. Anti-viral properties of amyloid-f3 peptides. Journal of Alzheimer’s Disease
2016, 54(3), 859-878.

Robinson, S. R., & Bishop, G. M. A as a bioflocculant: implications for the amyloid hypothesis of Alzheimer’s disease. Neuro-
biology of aging 2002, 23(6), 1051-1072.

Bishop, G. M., Robinson, S. R,, Liu, Q., Perry, G., Atwood, C. S., & Smith, M. A. Iron: a pathological mediator of Alzheimer
disease?. Developmental neuroscience 2002, 24(2-3), 184-187.

Dominguez, D., Tournoy, J., Hartmann, D., Huth, T., Cryns, K. et al. Phenotypic and biochemical analyses of BACE1- and
BACE2-deficient mice. | Biol Chem 2005, 280: 30797-30806.

Green, R.C,, Schneider, L.S., Amato, D.A., et al. Effect of tarenflurbil on cognitive decline and activities of daily living in patients
with mild Alzheimer disease: a randomized controlled trial. JAMA 2009, 302: 2557-2564.

Spitzer, P., Condic, M., Herrmann, M., Oberstein, T. J., Scharin-Mehlmann, M., Gilbert, D. F., et al. Amyloidogenic amyloid-f3-
peptide variants induce microbial agglutination and exert antimicrobial activity. Scientific reports 2016, 6(1), 1-11.

Olsson, B., Lautner, R., Andreasson, U., Ohrfelt, A., Portelius, E., Bjerke, M., et al. CSF and blood biomarkers for the diagnosis
of Alzheimer's disease: a systematic review and meta-analysis. The Lancet Neurology 2016, 15(7), 673-684.


https://doi.org/10.20944/preprints202205.0166.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2022 doi:10.20944/preprints202205.0166.v1

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Toombs, J., Zetterberg, H. In the blood: biomarkers for amyloid pathology and neurodegeneration in Alzheimer’s disease. Brain
Communications 2020, 2(1).

Gleerup, H. S,, Jensen, C. S., Hegh, P., Hasselbalch, S. G., Simonsen, A. H. Cerebrospinal fluid and saliva lactoferrin as a diag-
nostic biomarker for Alzheimer’s disease in a mixed memory clinic population. Alzheimer’s & Dementia 2021, 17, e05214.
Sorensen, M., Sorensen, S. P. L. The proteins in whey. Compte rendu des Travaux du Laboratoire de Carlsberg, Ser. Chim. 1940, 23(7),
55-99.

Groves, M. L. The Isolation of a Red Protein from Milk2. Journal of the American Chemical Society 1960, 82(13), 3345-3350.
Johanson, B. Isolation of an Iron containing red protein from Human milk. Acta Chemica Scandinavica 1960, 14(2), 510-512.
Rosa, L., Cutone, A., Lepanto, M.S. et al. Physico-chemical properties influence the functions and efficacy of commercial bovine
lactoferrins. Biometals 2018, 31, 301-312.

Wang, B., Timilsena, Y. P., Blanch, E., Adhikari, B. Lactoferrin: Structure, function, denaturation and digestion. Critical reviews
in food science and nutrition 2019, 59(4), 580-596.

Kawamata, T., Tooyama, I., Yamada, T., Walker, D.G., McGeer, P.L. Lactotransferrin immunocytochemistry in Alzheimer and
normal human brain. Am | Pathol 1993, (5):1574-85.

Orsi, N. The antimicrobial activity of lactoferrin: current status and perspectives. Biometals 2004, 17(3):189-96.

van der Strate, B.W., Beljaars, L., Molema, G., Harmsen, M.C., Meijer, D.K. Antiviral activities of lactoferrin. Antiviral Res 2001,
52:225-39.

Beljaars, L., van der Strate, B.W., Bakker, H.I, et al. Inhibition of cytomegalovirus infection by lactoferrin in vitro and in vivo.
Antiviral Res 2004, 63:197-208.

Gifford, J.L., Hunter, H.N., Vogel, H.J. Lactoferricin: a lactoferrin-derived peptide with antimicrobial, antiviral, antitumor and
immunological properties. Cell Mol Life Sci 2005, 62:2588-98.

Roe, C.M,, Fagan, AM., Williams, M.M., Ghoshal, N., Aeschleman, M., Grant, E.A., et al. Improving CSF biomarker accuracy
in predicting prevalent and incident Alzheimer disease. Neurology 2011, 76:501-10.

Ito, S., Ohtsuki, S., Kamiie, J., Nezu, Y., Terasaki, T. Cerebral clearance of human amyloid-beta peptide (1-40) across the blood-
brain barrier is reduced by self-aggregation and formation of low-density lipoprotein receptor-related protein-1 ligand com-
plexes. | Neurochem 2007, 103:2482-90.

Jaeger, S., Pietrzik, C.U. Functional role of lipoprotein receptors in Alzheimer’s disease. Curr Alzheimer Res 2008, 5:15-25.
Osmand, A.P., Switzer, R.C. III: Differential distribution of lactoferrin and Alz-50 immunoreactivities in neuritic plaques and
neurofibrillary tangles in Alzheimer's disease. Alzheimer's Disease: Basic Mechanisms, Diagnosis and Therapeutic Strategies. Ed-
ited by K 1gbal, DRC McLachlan, B Winblad, HM Wisniewski. Chichester, Wiley, pp 219-228

An, L., Sato, H., Konishi, Y., Walker, D.G., Beach, T.G., Rogers, J., et al. Expression and localization of lactotransferrin messenger
RNA in the cortex of Alzheimer's disease. Neurosci Lett 2009, 452(3):277-80.

Guo, C,, Yang, Z. H,, Zhang, S., Chai, R., Xue, H., Zhang, Y. H., et al. Intranasal lactoferrin enhances a-secretase-dependent
amyloid precursor protein processing via the ERK1/2-CREB and HIF-1a pathways in an Alzheimer’s disease mouse model.
Neuropsychopharmacology 2017, 42(13), 2504-2515.

Mohamed, W. A., Salama, R. M., et al. A pilot study on the effect of lactoferrin on Alzheimer’s disease pathological sequelae:
Impact of the p-Akt/PTEN pathway. Biomedicine & Pharmacotherapy 2019, 111, 714-723.

Gonzalez-Sanchez, M., Bartolome, F., Antequera, D., Puertas-Martin, V., Gonzalez, P., Gomez-Grande, A., et al. Decreased sal-
ivary lactoferrin levels are specific to Alzheimer's disease. EBioMedicine 2020, 57, 102834.

Kazakos, E. I, Kountouras, ]., Polyzos, S. A., et al. Novel aspects of defensins’ involvement in virus-induced autoimmunity in
the central nervous system. Medical Hypotheses 2017, 102, 33-36.

Amerikova, M., Pencheva EI-Tibi, I., Maslarska, V., Bozhanov, S., et al. Antimicrobial activity, mechanism of action, and meth-
ods for stabilisation of defensins as new therapeutic agents. Biotechnology & Biotechnological Equipment 2019, 33(1), 671-682.
Watt, A. D., Perez, K. A,, Ang, C.S., O'Donnell, P., Rembach, A., Pertile, K. K., et al. Peripheral a-defensins 1 and 2 are elevated
in Alzheimer's disease. Journal of Alzheimer’s Disease 2015, 44(4), 1131-1143.

Szekeres, M., Ivitz, E., Datki, Z., Kalman, J., Pakaski, M., Varhelyi, Z. P., et al. Relevance of defensin (3-2 and a defensins (HNP1-
3) in Alzheimer's disease. Psychiatry research 2016, 239, 342-345.

Shah, A., Bano, B. Cystatins in health and diseases. International Journal of Peptide Research and Therapeutics 2009, 15(1), 43-48.
Ochieng, J., Chaudhuri, G. Cystatin superfamily. Journal of health care for the poor and underserved 2010, 21(1 Suppl), 51.
Bernstein, H. G., Rinne, R., Kirschke, H., Jarvinen, M., Knofel, B., Rinne, A. Cystatin A-like immunoreactivity is widely distrib-
uted in human brain and accumulates in neuritic plaques of Alzheimer disease subjects. Brain Res. Bull. 1994, 33, 477-481.

Ii, K., Ito, H., Kominami, E., Hirano, A. Abnormal distribution of cathepsin proteinases and endogenous inhibitors (cystatins)
in the hippocampus of patients with Alzheimer’s disease, parkinsonism-dementia complex on Guam, and senile dementia and
in the aged. Virchows Arch. A Pathol. Anat. Histopathol. 1993, 423, 185-194.

Levy, E., Sastre, M., Kumar, A., Gallo, G., Piccardo, P., Ghetti, B., Tagliavini, F. Codeposition of cystatin C with amyloid-beta
protein in the brain of Alzheimer disease patients. ] Neuropathol Exp Neurol 2001; 60:94-104.

Skerget, K., Taler-Vercic, A., Bavdek, A., Hodnik, V., Ceru, S., Tusek-Znidaric, M., et al. Interaction between oligomers of stefin
B and amyloid-f in vitro and in cells. ]. Biol. Chem. 2010, 285, 3201-3210.

Sastre, M., Calero, M., Pawlik, M., et al. Binding of cystatin C to Alzheimer's amyloid beta inhibits in vitro amyloid fibril for-
mation. Neurobiol Aging 2004, 25:1033-1043.

Magister, g., Kos, J. Cystatins in immune system. Journal of Cancer 2013, 4(1), 45.


https://doi.org/10.20944/preprints202205.0166.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2022 doi:10.20944/preprints202205.0166.v1

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Soond, S. M., Kozhevnikova, M. V., Townsend, P. A., Zamyatnin, A. A. Jr. Cysteine cathepsin protease inhibition: an update
on its diagnostic, prognostic and therapeutic potential in cancer. Pharmaceuticals 2019, 12:87.

Hook, G., Hook, V., and Kindy, M. The cysteine protease inhibitor, E64d, reduces brain amyloid-f3 and improves memory def-
icits in Alzheimer’s disease animal models by inhibiting cathepsin B, but not BACE1, B-secretase activity. ]. Alzheimers Dis. 2011,
26, 387-408.

Wu, Z, Nj, J., Liu, Y., Teeling, J. L., Takayama, F., Collcutt, A., et al. Cathepsin B plays a critical role in inducing Alzheimer’s
disease-like phenotypes following chronic systemic exposure to lipopolysaccharide from Porphyromonas gingivalis in mice. Brain
Behav. Immun. 2017, 65, 350-361.

Kaur, G., Levy, E. Cystatin C in Alzheimer's disease. Front. Mol. Neurosci. 2012, 5:79.

Olafsson, I., and Grubb, A. Hereditary cystatin C amyloid angiopathy. Amyloid 2000, 7, 70-79.

Nagai, A., Ryu, J.K,, Kobayash, S., S.U. Kim. Cystatin C induces neuronal cell death in vivo Ann. N. Y. Acad. Sci. 2002, 977, pp.
315-321

Nagai, A., Ryu, J. K,, Terashima, M., Tanigawa, Y., Wakabayashi, K., McLarnon, ]. G., et al. Neuronal cell death induced by
cystatin C in vivo and in cultured human CNS neurons is inhibited with cathepsin B. Brain research 2005, 1066(1-2), 120-128.
Zhou, T., Huang, Y. X, Song, J. W., Ma, Q. M. Thymosin (34 inhibits microglia activation through microRNA 146a in neonatal
rats following hypoxia injury. Neuroreport 2015, 26(17), 1032-1038.

Le Pera, M., Urso, E., Sprovieri, T., Bossio, S., Aguglia, U., Manna, I, et al. Contribution of cerebrospinal fluid thymosin $4
levels to the clinical differentiation of Creutzfeldt-Jakob disease. Archives of Neurology 2012, 69(7), 868-872.

Khurshid, Z., Naseem, M., Asiri, Y. I, Mali, M., Sannam Khan, R., Sahibzada, H. A,, et al. Significance and diagnostic role of
antimicrobial cathelicidins (LL-37) peptides in oral health. Biomolecules 2017, 7(4), 80.

Brandenburg, L.O. , D. Varoga, N. Nicolaeva, S.L. Leib, H. Wilms, R. Podschun, et al. Role of glial cells in the functional expres-
sion of LL-37/rat cathelin-related antimicrobial peptide in meningitis. ] Neuropathol Exp Neurol 2008, 67 (11), pp. 1041-1054.
Lee, M., Shi, X, Barron, A. E., McGeer, E., McGeer, P. L. Human antimicrobial peptide LL-37 induces glial-mediated neuroin-
flammation. Biochemical pharmacology 2015, 94(2), 130-141.

De Lorenzi, E., Chiari, M., Colombo, R., Cretich, M., Sola, L., Vanna, R,, et al. Evidence that the human innate immune peptide
LL-37 may be a binding partner of amyloid-p and inhibitor of fibril assembly. Journal of Alzheimer’s Disease 2017, 59(4), 1213-
1226.

Keikha, M., Rahdar, H. A., Karami-Zarandi, M., Azadi, D. The New Insight for Novel Antimicrobial Peptides Designing by
Computational Design and Improvement of an Antimicrobial Peptide Derivate of LL-37. Avicenna Journal of Clinical Microbiology
and Infection 2019, 6(1), 15-20.

Kavanagh, K., Dowd, S. Histatins: antimicrobial peptides with therapeutic potential. Journal of pharmacy and pharmacology 2004,
56(3), 285-289.

van’t Hof, W., Veerman, E. C., Amerongen, A. V. N,, Ligtenberg, A.]. Antimicrobial defense systems in saliva. Saliva: Secretion
and functions 2014, 24, 40-51.


https://doi.org/10.20944/preprints202205.0166.v1

