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Alzheimer's disease is the most common neurodegenera-
tive disease and the cause of dementia. Although the path-
omechanisms underlying Alzheimer's disease have not
been fully elucidated, there is evidence that genetic and
environmental factors contribute to its development. Im-
mune system changes, both environmentally-induced and,
as a result of predisposing genetics, are implicated in
Alzheimer's disease etiopathogenesis. Genes associated
with immune system dysfunction in Alzheimer's disease
include CLU, BINT, CR1, ABCA”7, HLA-DRBI, TREM2,
EPHA1, and CD2AP. In particular, BINT and CLU, aber-
rations in which are thought to promote neurodegenera-
tion by dysregulating exocytosis and immune processes,
together with the E4 variant of the APOE gene, are among
the most common genetic risk factors for Alzheimer's dis-
ease. While the relationships between these genes in
Alzheimer's disease have been examined, little informa-
tion exists regarding their role as variables predisposing
first or second-degree relatives of Alzheimer's disease pa-
tients to the illness. The rationale of this review is to sug-
gest that individuals with a family history of Alzheimer's
disease who have the BINI-T/T variant may be at signif-
icant risk of developing Alzheimer's disease. Also, the
unfavorable BINT-T variant is independent of APOE E4-
associated risk. People at risk of developing Alzheimer's
disease are more often carriers of the protective C-variant
of the CLU gene, the presence of which might be associ-
ated with later-onset dementia observable within this high-
risk group. It seems BINT and CLU together with, albeit
independent of APOE E4, may be among the factors pre-
disposing individuals with a family history of Alzheimer's
disease to developing the illness.

Keywords

Genetic variants; immune risk factors; Alzheimer's disease; im-

munopathology

1. Introduction
Alzheimer's disease (AD) is the most common form of irre-
versible and progressive dementia in the elderly and accounts for
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50% of all types of dementia. It is characterized by gradual mem-
ory loss and cognitive impairment. Two AD subtypes differ in
their pattern of inheritance: the familial form (FAD), which af-
fects less than 1-5% of patients and is usually inherited in an au-
tosomal dominant manner, and the more common sporadic form
(SAD, 95-99%) which has a multifactorial background. AD may
appear at different ages, but most patients develop late-onset AD
(LOAD), which manifests after 60 years of age. Early-onset AD
(EOAD) can also occur and is usually hereditary (Blennow et al.,
2006; Dorszewska et al., 2016).

The exact cause of AD is not fully known. While the etiol-
ogy of AD is thought to be multifaceted, two conjectures dom-
inate in attempting to explain what triggers pathogenesis of the
disease: the A3 and 7 hyperphosphorylation hypotheses. The first
posits that fibrils derived from the membrane-spanning domain of
the type 1 glycoprotein, APP, by cleavage via ~y-secretase accu-
mulate extracellularly to form insoluble amyloid plaques, which
prove neurotoxic by various mechanisms. The second suggests
that 7, an intrinsically disordered microtubule-associated protein
(MAP), becomes hyperphosphorylated and forms neurofibrillary
tangles (NFTs), which interfere with anterograde axonal transport
and normal synaptic functions (Barbier et al., 2019). In 2018, the
National Institute on Aging and the Alzheimer's Association (NIA-
AA) designated markers that allow for a straightforward diagnosis
of AD. These biomarkers include reduced AS concentration and
increased level of hyperphosphorylated 7 protein in cerebrospinal
fluid (CSF), together with the presence of A and NFTs deposits
in the brain, as detected by imaging modalities such as positron
emission tomography (PET) (Jack et al., 2018).

Genetic and environmental factors both contribute to AD
pathogenesis (Dorszewska et al., 2016; Kowalska et al., 2020). En-
vironmental factors include diabetes, hypertension, smoking, obe-
sity and dyslipidemia, brain injuries, cerebrovascular disease, and
other vasculopathies, and a family history of dementia (Barba et
al., 2000; Khan et al., 2019; Mayeux and Stern, 2012; Rastas et al.,
2010; Tapiainen et al., 2020; Whitmer et al., 2005; Yu et al., 2020;
Zhou et al., 2020). Among genetic factors, the apolipoprotein E
(APOE) E4 variant is a significant risk factor for SAD and reduced
recovery after brain injury. Pendlebury et al. (2020) showed that
APOE E4 homozygosity was associated with dementia both be-
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fore and after patients suffered from a transient ischemic attack or
stroke. Moreover, it has been shown that the APOE E4 genotype
and low plasma concentrations of apolipoprotein E (apoE) may be
a risk factor for developing AD (Prendecki et al., 2016, 2019).

Prendecki et al. (2018) demonstrated that the most proba-
ble mechanistic explanation of neurodegeneration in AD patients
bearing the APOE E4 variant involves oxidative stress, marked by
inter alia increased homocysteine (Hcy) levels and reduced levels
of 8-oxo-2'-deoxyguanosine (8-0x02dG) and glutathione (GSH).
Moreover, the studies of Prendecki et al. (2018, 2019) have shown
that controls with a positive family history of AD did not have
altered Hcy levels, but tended to have decreased levels of the nat-
ural antioxidant glutathione (GSH). In these individuals, changes
in GSH level accompanied an increase in the concentration of the
oxidative stress marker 8-0x02dG and the enzyme responsible for
its excision, 8-oxoguanine DNA glycosylase (OGG1). Imbalances
in the levels of oxidative stress markers in individuals with a pos-
itive family history of AD may indicate mobilization of the body
to counteract CNS oxidative stress.

Heneka et al. (2015) suggested that the pathogenesis of AD is
not limited to neuronal disorders, but strongly relates to immune
processes in the brain. That study pointed to the participation of
astrocytes and microglia in AD development. These glia release
chemical mediators of inflammation and are responsible for mod-
ulating immune responses. Moreover, in AD, both genetic factors
associated with the immune system and external factors, including
traumatic brain injury, obesity, and systemic inflammation, may
disrupt neural-immune processes, thereby promoting the develop-
ment of dementia.

The genes associated with inflammatory processes contribut-
ing to AD, neuropathology are TREM?2, CRI, and CD33 (Katsel
and Haroutunian, 2019). Itis currently believed that BIN/ and CLU
are also associated with AD pathogenesis. The role of the BINI
gene in the pathogenesis of AD has not yet been fully character-
ized (Han et al., 2019). However, the encoded protein is associ-
ated with intracellular A3 transport, immune responses, apopto-
sis, and endo/exocytosis of synaptic vesicles. Clusterin, the prod-
uct of the CLU gene, also known as apolipoprotein J, is present
in AS plaques and binds to A peptides. Clusterin also plays an
essential role in lipid transport, apoptosis, immune responses, and
neurogenesis (Han et al., 2018).

Literature reports indicate that BIN/ and CLU are associated
with the pathogenesis of both FAD and SAD (Han et al., 2018,
2019). Importantly, BINI and CLU are the second and third most
common genetic risk factors for SAD after the APOE gene, respec-
tively. All three of the said genes are associated with LOAD risk
(Santos et al., 2020). To date, the correlation between these genes
and AD has not been studied in the Polish population. It is also
unknown whether the expression of these genes changes in indi-
viduals with a positive family history of AD, especially those with
APOE EA4 genotype.

2. Role of the immune system in the
pathogenesis of Alzheimer's disease.
In the last decade, data from preclinical and clinical studies
have pointed to the immune system as having an integral role in the
pathogenesis of AD. This so-called neuroinflammation hypothe-
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sis' emphasizes the dysregulation of CNS immune responses in
AD, where both innate and adaptive pathways are involved (Ran-
sohoff, 2016; Remarque et al., 2001). Still, it is contested whether
immune responses predominantly contribute to the initiation and
acceleration of AD or constitute a beneficial defense against neu-
rotoxicity (Frost et al., 2019; Van Eldik et al., 2016).

It has been established that both extracellular, neuritic plaque-
forming A deposits and misfolded, hyperphosphorylated 7 pro-
tein within NFTs generate a constant inflammatory environment,
which activates microglia and astroglia (Edison et al., 2008; Shen
et al., 2001; Vehmas et al., 2003). The recruitment of these glia
provokes the alteration of the blood-brain barrier (BBB), increases
blood vessel permeability, and may exacerbate neuronal damage.
Recent data have identified neuroinflammatory processes result-
ing in BBB dysfunction as a critical component of AD (Cai et al.,
2014; Carrano et al., 2012; Guerriero et al., 2017; Hansen et al.,
2018; Takechi et al., 2017).

Microglia are the innate immune cells of the CNS and serve
as resident phagocytes, thus playing a crucial role in tissue main-
tenance and defense against pathogens. They originate from ery-
thromyeloid progenitor cells in the embryonic yolk sac, and after
migration into the brain, spread throughout the parenchyma (Gin-
houx et al., 2010). Microglia respond to local brain injury via a
variety of surface receptors, many of which are expressed on cellu-
lar processes termed filipodia that contact neurons, astrocytes, and
perivascular cells (Davalos et al., 2005; Hickman et al., 2018). Fur-
thering research suggesting that microglia contribute mainly to the
progression and escalation of AD, recent genome-wide association
studies (GWAS) have established that the majority of genetic risk
variants for LOAD are predominantly expressed in the innate im-
mune system, e.g., APOE, TREM2, ABCA7, CD33, CRI (Aikawa
et al., 2019; Filipello et al., 2018; Fonseca et al., 2016; Griciuc et
al., 2019; McQuade and Blurton-Jones, 2019; Vitek et al., 2009).
These data are compatible with the hypothesis that microglia are
also critically involved in the early steps of the disease (Heppner
et al., 2015). Paradoxically, microglial A5 phagocytosis may con-
tribute to increased A pathology by triggering the microglial re-
lease of inflammatory mediators such as cytokines, complement
components, chemokines, and free radicals (Cai et al., 2014; Jorda
et al., 2020). Specially, microglia have been implicated in neu-
rodegeneration by activating cytosolic receptor NALP3 and lyso-
somal cathepsin-B, ultimately leading to the release of the key
cytokine interleukin-15 (IL-153) (Halle et al., 2008). This inter-
leukin is known to cause the secretion of nitric oxide (NO) and
tumor necrosis factor a (TNF) a. It thus indirectly promotes the
formation of AS plaques and neurodegeneration (Griffin et al.,
1989). Also, 7 pathology contributes to neuroinflammation, how-
ever, here also, it is equivocal whether this process is mostly pro-
tective or damaging, as a result of conflicting data; likely, the con-
sequences of 7-induced neuroinflammation depend on the disease
stage. It is also unclear whether altered microglial performance is
an origin or consequence of 7 pathology insofar as deposits of this
protein may trigger microglia to secrete factors leading to the post-
translational modification of 7 incipient to its aggregation (Ismail
et al., 2020; Vogels et al., 2019).

Prendecki et al.



The contribution of astrocytes to AD immunopathology is also
noteworthy. These cells' contribution to AD pathology has been
associated with increased cytokine production. It may involve nu-
clear factor kappa-light-chain-enhancer of activated B cells (NFx-
B)-mediated release of complement protein C3 (Lian et al., 2015).

Furthermore, there is a growing recognition of complement
system involvement in AD pathology. Studies have confirmed
elevated concentrations of C3 and CR1 components in the cere-
brospinal fluid of AD patients (Daborg et al., 2012). Moreover,
complement pathway activation has been associated with synapse
loss mediated by C3/CR3 in response to oligomeric A3 (Hong et
al., 2016). Nonetheless, the data are conflicting as to whether com-
plement interaction with A is protective or detrimental. Some
studies have demonstrated that complement deficiency results in
accelerated Af pathology (Maier et al., 2008; Wyss-Coray et al.,
2002). Alternately, the elimination and modulation of microglial
CR3 decrease the Aj level (Czirr et al., 2017), and C3 antagonists
counteract plaque accumulation (Lian et al., 2015).

Recent studies have evidenced that monocytes/macrophages,
lymphocytes, and T cells increasingly infiltrate the brain in both
AD animal models and humans, confirming that the contribu-
tion of the immune system to AD pathogenesis is not limited
to the CNS (Busse et al., 2017; Gate et al., 2020; McManus et
al., 2015; Saresella et al., 2010). In particular, various cytokines
and chemokines secreted by microglia may allow CCR2+ (C-C
chemokine receptor 2) mononuclear phagocytes to enter the brain
(Cao and Zheng, 2018; Mildner et al., 2007). In murine AD mod-
els, neutrophils, which respond quickly post-infection to phagocy-
tose microorganisms, have been shown to enter the brain through
LFA1 integrin attachment and surround AS plaques with neu-
trophil extracellular traps (NETs) thereby contributing to chronic
neuroinflammation (Kolaczkowska and Kubes, 2013; Zenaro et al.,
2015). Notably, recent research has evidenced that neurodegen-
eration may also be influenced by peripheral inflammatory con-
ditions such as periodontitis, as mediated by microglial priming
and the increased production of proinflammatory cytokines (Ide
et al., 2016). Indeed, neuroinflammation has a complex role in
AD pathology, the details of which have yet to be fully unraveled.

3. Immune system-associated genetic risk
factors for Alzheimer's disease

The recent GWAS meta-analysis involving 94,437 clinically
diagnosed LOAD patients performed by Kunkle et al. (2019) in-
dicated new AD risk loci, including numerous genes associated
with the immune system: CLU, BINI, CRI, ABCA7, HLA-DRBI,
TREM?2, EPHAI and CD2AP. Previous meta-analyses also under-
lined the role of CD33 and MS4A4/MS4A6 (Naj et al., 2011) in
increasing LOAD risk. Table 1. summarizes the results of meta-
analyses focused on single nucleotide polymorphisms (SNPs) in
the genes mentioned above.

ABCA7 encodes the ATP-binding cassette transporter A7
(ABCA7), which is a member of the A subfamily of ABC trans-
porters. It is highly expressed in the brain, especially in microglia,
and known to be involved in transmembrane lipid transport. It
stimulates the efflux of cholesterol and phospholipids to bound
apolipoprotein A-I (apoA-I) and apoE. Recent studies have also
evidenced that ABCA7 is required for microglial and macrophagal
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phagocytic clearance of Af, a cellular role that reflects its neural
expression profile (Aikawa et al., 2018; Iwamoto et al., 2006; Kim
etal., 2006). According to mouse model studies, a lack of ABCA7
results in the doubling of A3 accumulation without alterations to
amyloid precursor protein (APP) processing and apoE concentra-
tion. This suggests that ABCA7 regulates A homeostasis via
phagocytosis rather than by modulating lipid metabolism (Kim et
al., 2013). Steinberg et al. (2015) substantiated that the rare loss
of function (LOF) variants in the ABCA7 gene are associated with
an increased risk of developing AD. Moreover, polymorphisms in
ABCA7 were associated with increased risk for LOAD, concomi-
tant to work by Apostolova et al. (2018), which showed that a cor-
relation exists between polymorphisms in ABCA7 (rs3764650 and
rs3752246) and amyloid deposition, whose strength is second only
to that between APOE4 variants and the said pathology.

A recent meta-analysis proposed that polymorphisms in the
gene encoding CD2-associated protein (CD2AP) are an important
genetic risk factor for LOAD (Lambert et al., 2013). However, lit-
tle remains known about the role of CD2AP in AD etiopathogen-
esis. CD2AP is expressed in immune cells, endothelial cells, and
neurons, and maintains the BBB (Cochran et al., 2015). The pri-
mary function of CD2AP is to bind CD2 and regulate the interac-
tion between T lymphocytes and antigen-presenting cells (Dustin
et al., 1998). Moreover, CD2AP can interact with cytoskeletal
molecules and initiate numerous intracellular signal transduction
pathways via its SH3 domains (Cummins et al., 2018). Interest-
ingly, CD2AP was found to be expressed at lower levels in the
peripheral lymphocytes of AD patients (Tao et al., 2019). LOF
variants in CD2AP led to enhanced A production, 7-induced neu-
rotoxicity, and reduced BBB integrity (Tao et al., 2019).

Genetic variants in EPHA 1, MS4A4, and CD33 are associated
with LOAD risk. However, their exact role in AD is still un-
known. EPHAI encodes the ephrin type-A receptor 1 (EPHA1),
which belongs to the ephrin receptor subfamily of the protein-
tyrosine kinase family. It is expressed by CD4-positive T lym-
phocytes and monocytes and plays a role in neuronal morphogen-
esis and synaptic plasticity (Karch and Goate, 2015; Martinez et
al., 2005). Ephrin over- or under expression was found in cancer
cell lines and implicated in tumor progression, malignancy, and
prognosis (Ieguchi and Maru, 2019). The membrane-spanning 4A
(MS4A) family (e.g., MS4A4A, MS4A4E, MS4A6E) proteins are
expressed in myeloid cells and monocytes. They are structurally
similar to CD20, and likely control the activation of B-cell anti-
gen receptors by regulating calcium influx (Polyak et al., 2008;
Zuccolo et al., 2010). CD33 belongs to the sialic acid-binding im-
munoglobulin (Ig)-like family and inhibits microglia and mono-
cytes via immunoreceptor tyrosine-based inhibition motifs (Paul et
al., 2000). It is involved in numerous cellular processes: phagocy-
tosis, cytokine release inhibition, adhesion, immune cell growth,
and apoptosis (Zhao, 2019). Elevated expression of CD33 in the
brains of AD patients promotes microglial activation and inhibits
microglial uptake of Af, thereby reducing Af clearance (Griciuc
et al., 2013). CD33 knockout increased microglial activation and
reduced Af plaque deposition (Griciuc et al., 2019). Further, the
minor allele (A) of the rs3865444 polymorphism (decreased ex-
pression of CD33) protects against LOAD. In contrast, the major
allele (C) (risk allele, increased expression of CD33) contributes
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Table 1. Results of a meta-analysis of immune-system associated genes and LOAD

. . . Major/minor Meta-analysis
Gene Possible role in LOAD Variant MAF Reference
alleles OR 95% CI P
CLU Immune system response, rs1532278 C/T 0.26 0.89  0.85-0.93 83x 1078 Naj et al. (2011)
cholesterol metabolism, 152279590 C/IT 024 086 0.82-090 19x10~12 Zhang et al. (2015)
A3 metabolism rs9331888 CIG 0.33 1.1 1.05-1.15 <0.001 Shuai et al. (2015)
rs11136000 C/IT 0.38 0.86  0.84-0.89 < 0.0001* Han et al. (2018)
1s9331896 T/C 0.38 0.88  0.85-0.90 4.6x 10724 Kunkle et al. (2019)
BIN1 Synaptic dysfunction and rs7561528 G/A 0.2 117 113-1.22  42x 10714 Naj et al. (2011)
cell membrane processes, 1512989701 C/A 0.09 1.2 1.12-1.29 < 0.0001 Dong et al. (2017)
microglia transcriptome, 18744373 A/G 0.36 1.15 1.11-1.20 <0.01 Almeida et al. (2018)
immune system response 1s6733839 C/T 0.4 1.2 117-123 21 x10~* Kunkle et al. (2019)
ABCA7  Immune system response, 133764650 T/G 0.2 123 1.18-1.30  4.5x10~'7  Hollingworth et al. (2011)
cholesterol metabolism, 154147929 G/A 0.19 1.15 1.11-1.19 1.1 x 10~15 Lambert et al. (2013)
A metabolism rs3752246 C/G 0.17 115 L11-1.18 3.1 x10716 Kunkle et al. (2019)
CD2AP Immune system response, 1510948363 AIG 0.19 1.1 1.07-1.13 52 x10~11 Lambert et al. (2013)
synaptic dysfunction and 1s9349407 G/C 0.19 1.08  1.05-1.12 8.78x10~7 Chen et al. (2015)
cell membrane processes rs9473117 A/C 0.19 1.09 1.06-1.12 1.2x10~10 Kunkle et al. (2019)
EPHA1 Immune system response, 1511767557 T/C 0.2 09 0.86-0.93 6.0x10~10 Hollingworth et al. (2011)
synaptic dysfunction and rs10808026 C/A 0.21 09 088093 13x10710 Kunkle et al. (2019)
cell membrane processes
MS4A4A  Immune system response 154938933 T/C 0.38 0.88  0.85-0.92 1.7x107° Naj et al. (2011)
CD33 Immune system response, rs3865444 C/A 0.21 092 0.89-095 3.61x10~8 Moreno-Grau et al. (2019)
synaptic dysfunction and
cell membrane processes
TREM?2 Immune system response 15143332484 C/IT <0.01 165 1.24-221 0.001 Lu et al. (2015)
1s2234255 G/A <0.01 365 1.61-8.28 0.002 Jiang et al. (2016)
1575932628 C/IT <001 208 173249 27x10715 Kunkle et al. (2019)
CR1 Immune system response rs3818361 G/A 0.25 1.18 1.13-124  3.7x10~14 Hollingworth et al. (2011)
rs6656401 G/A 0.07 1.14  1.08-1.20 <0.01 Almeida et al. (2018)
rs4844610 C/A 0.06 1.17 L13-1.21  3.6x10724 Kunkle et al. (2019)

LOAD - late-onset Alzheimer's disease; MAF - minor allele frequency, according to Ensembl database; OR - odds ratio; P — P-value in meta-analysis.

*only Caucasian population

to a more severe cognitive decline in AD, as represented by lower
MMSE scores (Karch et al., 2012). Also, the CD33 risk allele
leads to a higher triggering receptor expressed on myeloid cells 2
(TREM2) expression (Chan et al., 2015). TREM2, encoded by the
TREM? gene, is another microglial receptor. TREM2 activation
stimulates phagocytosis and suppresses inflammation and thus in-
duces microglial clearance of A3, in contrast to the effect of CD33
(Griciuc et al., 2019). Loss or underexpression of TREM2 reduces
microglial activation and impairs microglia-AS clustering, lead-
ing to increased AS plaque formation, increased autophagy, and
dysfunction in energetic metabolism (Huang and Xu, 2019). AD
mouse model studies showed that TREM?2 is required for gene ex-
pression changes in 5XFAD; CD33-/-microglia, whereas differen-
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tial gene expression in 5XFAD; TREM2-/- microglia did not de-
pend on CD33. This suggests that TREM2 acts downstream of
CD33 in modulating microglial pathology in AD. On the other
hand, overexpression of TREM?2 reprograms microglia and can re-
duce A plaques and memory deficits (Lee et al., 2018).

In their study analyzing microglia isolated from PS/APP trans-
genic mice, Krasemann et al. (2017) described a new 'neurodegen-
erative' microglial phenotype, termed MGnD, characterized inter
alia by pronounced overexpression of apoE. Subsequently, the au-
thors reported a positive correlation between APOE mRNA levels
and the progression of neuropathology, such that it was abolished
in the absence of TREM2. This suggests that A3 activated mi-
croglia overproduce apoE in a TREM?2 dependent manner. Ac-
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cording to Parhizkar et al. (2019), the loss of functional TREM?2
leads to reduced expression of apoE in microglia and reduced re-
lease of this apolipoprotein from microglia and/or astrocytes. Con-
sequently, decreased apoE levels may be found in the AS plaques
of both TREM?2 knockout (KO) mice and human carriers of dele-
terious TREM?2 variants (p.R47H, p.R62C, p.R62H, and p.D87N).

Moreover, according to Yeh et al. (2016), TREM2 may directly
interact with apoE as well as with CLU encoded apolipoprotein J
(clusterin), the authors also reported the interaction to be impaired
by AD linked TREM?2 variants. Interestingly, while the TREM2
KO murine model was characterized by a significantly increased
seeding of AS plaques in the early stages of AD pathology, a re-
duction of AS burden and the formation of diffuse plaques was
observed in advanced stages of the disease. Nonetheless, the ac-
cumulation of hippocampal A diffuse plaques and oligomers led
to dendritic spine loss and axonal dystrophy in TREM2 deficient
brains (Parhizkar et al., 2019). The TREM2 receptor may be es-
sential for the early activation of microglia in response to newly
seeded AS plaques and oligomers. This process could facilitate
LRP1 receptor-mediated amyloid clearance through the BBB (Ma
et al., 2018). Together these results suggest that TREM2 may act
as a neuroprotective agent in facilitating the removal of soluble
AfB (Meilandt et al., 2020). The role of TREM2 in AD may not
be limited to immune response and Af3 turnover. Cruchaga et al.
(2013) demonstrated that AD patients with the rs75932628-T risk
allele had higher CSF T levels. Also, the rs75932628-T variant is
associated with an increased risk of 7 dependent frontotemporal
dementia, Parkinson's disease, and amyotrophic lateral sclerosis
(Karch and Goate, 2015).

Another factor associated with aberrant immune function in
AD is complement receptor type 1 (CR1), also known as the
C3b/C4b receptor or CD35. The CRI gene encodes four protein
isoforms. CRI1 is mostly expressed on the surface of leukocytes
and erythrocytes and binds to complement components, playing a
vital role in the phagocytic removal of antibody-antigen immune
complexes from the blood (Holers, 2014; Tuveson et al., 1991).
Studies have shown that A342 can activate the complement sys-
tem (Velazquez et al., 1997). Intelligibly, chronic activation of
the complement system and inflammation occur throughout AD.
Moreover, autopsy examinations of brain tissue from AD patients
showed that CR1 expression correlates with advanced cognitive
decline (Karch et al., 2012).

Deleterious APOE variants are recognized as the most signifi-
cant risk factor for developing AD (Wadhwani et al., 2019). ApoE,
like other apolipoproteins, is a cholesterol chaperone and a ligand
for members of the low-density lipoprotein (LDLR) receptor fam-
ily. It participates in the transport of cholesterol and is involved in
the removal of toxic A/ oligomers that are precursors to amyloid
plaques. The APOE E4 isoform has been shown to have impaired
ability to bind and remove A/, which results in reduced receptor-
mediated uptake and cellular metabolism of the APOE/A3 com-
plex. In contrast, the APOE E2 isoform has the opposite effect
(Arold et al., 2012). The E4 allele is much more common in peo-
ple with AD than in the general population. The risk of devel-
oping AD depends on the number of E4 alleles, which can be
zero, one, or two (Prendecki et al., 2019). Studies by Strittmat-
ter et al. (1993), Saunders (2000), and Corder and Caskey (2009)
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have shown that patients with the E4/E4 genotype are 8 times more
likely to develop AD than those with the E2/E3 or E3/E3 geno-
types. A 2014 GWAS analysis confirmed that the E4 allele is an
AD risk factor with an odds ratio (OR) of 2-5 (Chouraki and Se-
shadri, 2014). This data is in line with results from Prendecki et
al. (2019) performed on 230 subjects: 88 AD patients, diagnosed
according to NINCDS-ADRDRDA criteria (65.9% women, mean
age 75.6 years), 62 persons with a positive family history of AD,
i.e., first or second-degree relatives of AD patients (67.7% women,
mean age 65.3 years), and 80 healthy persons without signs of de-
mentia or other neurological disorders (78.8% women, mean age
71.6 years). The E4 allele occurred up to 3.6 times more often in
persons with familial history of AD than in controls (P < 0.001,
Fisher's exact test, FET). In contrast, the protective allele APOE
E2 was more common in the control group. These results were
reported in the literature (Corder and Caskey, 2009; Prendecki et
al., 2019) and confirm that variants at the APOE locus partly con-
tribute to the increased risk of developing AD in people with a
family history of AD.

4. BINI and CLU genes in people at risk of

developing Alzheimer's disease

The presence of deleterious variants in BIN/ and CLU may
lead to excessive A accumulation and ensuing immune dysfunc-
tion in AD (Ovsepian et al., 2018; Van Acker et al., 2019). Liter-
ature reports indicate that BINI and CLU are associated with the
pathogenesis of late-onset FAD and SAD (Marioni et al., 2018;
Tanzi, 2012). In a recent association study performed by Santos
et al. (2020), BINI and CLU were shown to additively contribute
to LOAD risk, together with APOE. Nonetheless, these two genes
have not yet been adequately examined in the Polish population in
the context of AD.

BINI1 is the second most common genetic risk factor identified
by GWAS for SAD after APOE (Lambert et al., 2013). Polymor-
phisms in this gene have also been found in patients with late-onset
FAD (Wijsman et al., 2011). BINI is located on the long arm of
chromosome 2 at the 2q14.3 locus (Chouraki and Seshadri, 2014).
One of the most interesting variants at the BINI locus is rs6733839.
GWAS have identified this common variant as a risk factor for
AD, albeit with a modest odds ratio (OR = 1.22, CI = 1.18-1.25)
(Chouraki and Seshadri, 2014). These data were confirmed by
a subsequent study on genetic variants associated with the func-
tion of the BBB (Juul Rasmussen et al., 2019). Interestingly, the
rs6733839 variant was connected with variations in neuroanatomi-
cal features such as the volume of the left inferior parietal lobule at
baseline and, in a follow-up study, the right inferior parietal lobule
(Lietal., 2017).

A part of The International Genomics of Alzheimer's Project
(IGAP), the large GWAS meta-analysis published by Lambert et
al. (2013), revealed that the T allele of the BINI rs6733839 variant
was a significant risk factor for AD. It has been demonstrated that
persons with two copies of the T allele (T/T) at this locus achieved
significantly worse results in episodic memory tests compared to
individuals with other genotypes (C/T + C/C) (Greenbaum et al.,
2016). According to McMillan et al. (2018), the rs6733839 minor
variant was associated with an increased risk of developing AD
based on PENN cohort data, as opposed to NACC cohort data.
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The study of Dorszewska et al. (2019) performed on 126 subjects
(40 AD patients, 47 persons with a positive family history of AD,
as described above, and 39 control subjects) evidenced that the T/T
genotype was more common in individuals related to AD patients
as compared to control and AD groups (P < 0.001, Chi-squared
test). Concomitantly, the C/T genotype was most common in the
control group, in line with the above literature. Indeed, individ-
uals with a positive family history of AD who possess the BINI-
T/T variant may be at a pronounced risk of developing AD in the
future. Our previously mentioned results also evidenced that the
unfavorable BINI-T/T variant occurred significantly more often
in individuals related to those suffering from AD, who were not
carriers of the APOE E4 allele (P < 0.001, FET), indicating that
T/T homozygote carriers are at greater risk of developing a cogni-
tive disorder even if they are negative for the said apolipoprotein
variant (Dorszewska et al., 2019).

While the discussed genetic variants of BINI are connected
to AD pathology, the corresponding pathways that promote AD
have not been fully elucidated and remain the subject of exten-
sive study (Giri et al., 2016). It is known that BINI encodes the
bridge integrator 1 (BIN1) protein, which is associated with im-
mune responses, apoptosis, clathrin-mediated synaptic vesicle ex-
ocytosis (De Rossi et al., 2017) and likely synaptic function and
memory consolidation (De Rossi et al., 2020). It is believed that
BINI is associated with the intracellular transport of APP and A
via regulation of [§-site cleaving enzyme 1, encoded by BACE]
(Miyagawa et al., 2016). Moreover, the loss of BIN1 was shown
to promote age-related inflammation and cancer susceptibility in
transgenic mice (Chang et al., 2007). These data are in line with
the in vitro study of autopsy brains harvested from transgenic mice
lacking neuronal murine Binl and expressing mutated 7 P301S
(McAvoy et al., 2019). The authors showed reduced excitability in
isolated primary neurons accompanied by significant changes of
microglia transcriptome of analyzed animals. The harvested mi-
croglia showed marked activation of various canonical pathways
associated with, e.g., ROS and NOS production by macrophages as
well as enhanced neuroinflammation signaling. In contrast, APP,
as well as inflammation associated lipopolysaccharide (LPS) and
interferon-v, were predicted as upstream activators. Interestingly,
the observed changes were not present in control mice expressing
7 P301S and normal Binl. These data suggest the participation
of BIN1 in AD pathology may not be limited to A3 turnover and
disturbed inflammatory response. Chapuis et al. (2013) stipulated
that elevated BINI expression increases the risk of AD by pro-
moting 7 hyperphosphorylation, however, due to the small size of
the study group, definite conclusions could not be drawn. Sim-
ilarly, Crotti et al. (2019) demonstrated that vesicles containing
BIN1 isolated from the cerebrospinal fluid of AD patients might
contain 7 protein and facilitate 7 seeding. The authors also found
that BIN1 overexpression may enhance the extracellular vesicle-
mediated spreading of 7. Therefore, it seems that BINI may partic-
ipate in the development of 7 pathology leading to AD. Nonethe-
less, other studies have shown that BINI polymorphisms are as-
sociated with a reduced risk of developing primary age-related
tauopathy (McMillan et al., 2018). Indeed, inconsistencies exist
in the data obtained thus far regarding the role of BINI in AD
pathogenesis, warranting continued research.
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Ap transport out of the brain, as well as AS fibrillization, are
also regulated by the protein clusterin (Tanzi, 2012). This pro-
tein is encoded by the CLU gene, which is located on the short
arm of chromosome 8 at the 8p21.1 locus. GWAS have identified
CLU as the third most crucial locus associated with SAD (Tanzi,
2012; Vishnu et al., 2016). Also, it is believed to be involved in
the pathogenesis of late-onset FAD (Jansen et al., 2019). One of
the most interesting polymorphisms in CLU locus is rs9331896.
According to GWAS, the major allele (C) has been identified as a
protective factor, modestly reducing the risk of AD (OR =0.86; CI
= 0.84-0.89) (Chouraki and Seshadri, 2014). These results are in
line with a newer study, performed on 362, 338 Danish individuals
(Nordestgaard et al., 2018). According to Lambert et al. (2013), the
C allele of the rs9331896 variant in CLU may be associated with
a 16% reduction in the risk for AD. Similar results were obtained
by Bressler et al. (2017). The latter showed that people with the C
allele of the rs9331896 polymorphism obtained a higher result in
the Delayed Word Recall Test (DWRT). Also, according to Ras-
mussen et al. (2019), the CLU-T allele of this polymorphism was
associated with an elevated risk of developing AD. These data are
in line with our work described above, where we determined that
persons related in the first or second degree to AD patients were
more often carriers of the protective C-variant of CLU rs9331896
polymorphism (P < 0.05, Chi-squared test). The presence of this
protective variant of CLU may explain why some individuals in
the high-risk group (the relatives of AD patients) do not develop
symptoms of dementia. This protective effect may be particularly
pronounced in persons who do not carry the pathological APOE
E4 variant, as was found in our study (P < 0.05, FET) (Dorszewska
et al., 2019).

The mechanism of the protective action of the CLU rs9331896
polymorphism remains unknown. However, this variant may lead
to increased activity of CLU in affected individuals. It is known
that clusterin is a versatile protein that may act as a chaperone for
Ap and regulate apoptosis, cholesterol transport, and inflamma-
tory responses (Foster et al., 2019). Since clusterin has been iden-
tified as an effective silencer of the complement system by inhibi-
tion of the formation of the membrane attack complex (Kirszbaum
et al., 1992), it has been hypothesized that clusterin may act as
a regulatory element of aggregation associated inflammatory re-
sponse in AD (Nuutinena et al., 2009). Clusterin may also act
as a microglia activator, as described by Xie et al. (2005). The
authors observed the increased production of reactive nitrogen
species and TNF-« by rat microglia treated with exogenous hu-
man clusterin. This effect was persistent in microglia-neuronal in
vitro co-cultures leading to neurotoxic effects.

Moreover, increased clusterin levels were found in acutely iso-
lated 5xFAD transgenic murine microglia, that exhibited LPS-
like induced protein profile by mass spectrum proteomic analysis
(Rangaraju et al., 2018). As mentioned above, the clusterin AD-
associated pathways may not be limited to immune response. It
has been shown that clusterin binds reversibly to A5 and affects
its clearance (rate of amyloid removal) across the BBB (Wojtas
et al., 2017). Clusterin levels increase under conditions of neu-
ronal damage (Rasmussen et al., 2019). Accordingly, increased
clusterin levels have been observed in AD in plasma (Weinstein
et al., 2016) and brain areas affected by AS deposition, however,
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the measured clusterin increase was not sufficient to counteract in-
creased A production (Miners et al., 2017). Moreover, it has been
demonstrated that intravenous infusions of a clusterin-derived 10-
amino-acid peptide improved cognitive function and reduced Aj3
pathology in the 5x transgenic murine model of FAD (Qi et al.,
2018). Therefore, clusterin seems to be a promising biomarker
and possible target for future therapies directed to counteract AJ
deposition.

5. A new look at the role of the immune
system in the treatment of Alzheimer's
disease

Already the foremost cause of dementia and the sixth leading
cause of death in the world, the impact of AD on health care sys-
tems is expected to rise owing to increasing global life expectan-
cies (Montanari et al., 2019). Even so, symptomatic treatment cur-
rently constitutes the only therapy for AD (Montanari et al., 2019).
While experimental treatments for AD have been focused upon
disturbing both pathogenic 7 and A3 protein aggregates, a stronger
correlation has been found to exist between dementia and 7 hyper-
phosphorylation than amyloid deposition (Arriagada et al., 1992;
Sigurdsson, 2008). Duly, various approaches have been exploited
in the development of treatments for tauopathy in AD including
the use of kinase inhibitors for impeding 7 hyperphosphorylation,
enhancement of physiological processes involved in the clearance
of damaged proteins, small-molecule inhibition of aggregate for-
mation, pharmacologic stabilization of microtubules, proteolysis,
and immunotherapy (Schroeder et al., 2015). The last of these has,
over the last ten years, surfaced as a highly promising avenue for
preventing AD pathology, as related to both AS and 7 hyperphos-
phorylation (Schroeder et al., 2015).

Immunotherapy is either active or passive. In the former kind,
antigens, typically combined with adjuvants, are injected into the
cerebrospinal fluid and promote antibody production incipient to
clearance of the antibody-pathologic protein complex by phago-
cytic cells of the host's innate immune system. Passive immuniza-
tion involves the direct administration of exogenous antibodies.
Since the seminal research (Kfoury et al., 2012), which evidenced
prion-like trans-cellular transmission of 7, immunotherapy aimed
at reducing 7 aggregation has become a promising research ob-
jective (reviewed well by Schroeder et al. (2015)). The first active
immunotherapy attempt involved administration of recombinant
full-length human 7 with complete Freund's adjuvant (CFA) and
pertussis toxin (PT) to wild type mice (Rosenmann et al., 2006).
CFA and PT stimulate the proinflammatory Th1 response, promot-
ing antigenic passage through the BBB. Intelligibly, these highly
immunogenic adjuvants induced encephalomyelitis in the mice, a
side-effect that was subsequently circumvented via the use of three
phospho-7 peptides and AD mouse models (7 E257T and P301S,
where both mutations occur within the microtubule-binding region
of the protein) (Boimel et al., 2010). Significant reductions were
noted in NFTs as a result of the latter. Administration of the adju-
vants alone promoted monocyte infiltration without the microglial
activation, i.e., acquisition of the M1 pro-inflammatory phenotype
(Rozenstein-Tsalkovich et al., 2013) that capacitates the phago-
cytic activity of these cells. Notably, it has been shown that im-
paired microglial phagocytic activity as a result of experimentally
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ablated adaptive immune system cells, worsened neuroinflamma-
tion and Af3 plaque deposition (Marsh et al., 2016). Another study
using the 7 PHF1 epitope in combination with Freund's adjuvant in
mice overexpressing the P301L mutation showed that older mice
developed significantly increased astrocytosis and GFAP levels
(Bi et al., 2011).

Interestingly, astrocyte-derived complement factor 3 (C3) and
neuronal Clq promote microglial synaptic pruning and phago-
cytosis (Jevtic et al., 2017). Important progress in active im-
munotherapy was made when the Sigurdsson lab elegantly demon-
strated that antibodies against 7 could cross the BBB of JNPL3
P301L mice to colocalize with NFTs, in contrast to those ex-
ogenously injected into nontransgenic mice, suggesting the bar-
rier is compromised in tauopathies (Sigurdsson, 2009). Anti-
T antibodies, generated either by the host's immune system as
a result of active immunotherapy, or delivered exogenously as
a result of passive immunotherapy might promote clearance of
pathological T aggregates by different mechanisms including neu-
ronal uptake and subsequent lysosomal degradation, impairment
of antibody-antigen uptake preventing trans-cellular transmission,
or microglial phagocytosis (Schroeder et al., 2015). Importantly,
however, recent research suggests that oligomeric forms of both 7
(Hill et al., 2019) and AB (Dionisio-Santos et al., 2019) are more
neurotoxic than NFTs and amyloid plaques, respectively, ratifying
the need for early detection of AD pathology and prompt thera-
peutic intervention after that.

Microglia are critical modulators of neuroinflammation in AD.
Increased levels of pro-inflammatory cytokines, including IL-1/,
IL-6, IL-12, IL-12, IL-18, and TNF, have been shown to occur
in the CSF of AD patients, possibly as a result of TL4/CD14-
mediated microglial interaction with A (Dionisio-Santos et al.,
2019). Promoting the M1 microglial state, these cytokines are
thought to trigger a reduction in amyloid plaque burden, albeit at
the cost of increasing hyperphosphorylated 7 species (Dionisio-
Santos et al., 2019). Importantly, the generation of specific pro-
inflammatory cytokines, e.g., IL-1/ and IL-18 depends on the ac-
tivity of the microglial inflammasome, which, activated by fibril-
lar AS binding to Nod-like receptor protein 3 (NLRP3), has re-
cently been highlighted as a potential therapeutic target in AD and
other neurodegenerative conditions (Deora et al., 2020; Dionisio-
Santos et al., 2019). The microglial-ApoE-triggering receptor ex-
pressed on myeloid cells 2 (TREM2) axis has been implicated in
a large proportion of later-onset SAD (Shi and Holtzman, 2018).
Specifically, the APOE genotype has been connected to amyloido-
genic cleavage of APP within lipid rafts (Fuentealba et al., 2007).

TREM?2 has been shown to promote the anti-inflammatory
M2 microglial state characterized by increased production of
Th2-biased cytokine interleukin 10 (IL-10) (Jevtic et al., 2017).
Nonetheless, there are conflicting results as to whether relatively
increased or decreased IL-10 levels are therapeutic in AD (Jevtic
et al., 2017) and likely converge upon the fact that a delicate bal-
ance between pro- and anti-inflammatory CNS states exist, me-
diated by numerous cytokines, whose disruption is implicated in
disease pathogenesis. Indeed, the current literature questions the
validity of purely binary (M1/M2) microglial inflammatory states
(Dionisio-Santos et al., 2019).
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Recently, immunomodulation via purposely designed phar-
macologic has surfaced as a potential avenue in AD treatment,
where benzofuran derivatives have been noted for their anti-
amyloidogenic, neuroprotective properties, mediated purportedly
via cannabinoid receptor antagonism and butyrylcholinesterase in-
hibition (Montanari et al., 2019). Also, resveratrol has been iden-
tified as a modulator of neuroinflammation, promoting inter alia
increased levels of the anti-inflammatory IL-4, decreased CSF ma-
trix metalloproteinase 9, and inducing adaptive immunity (Moussa
et al., 2017). Interestingly, resveratrol strongly activates sirtuin 1
(SIRT1), an NAD+ dependent deacetylase that, deacetylating 7,
was shown to reduce tauopathy in a mouse model of the disease
(Min et al., 2018). SIRT1 also promotes a physiological state re-
sembling caloric restriction (Moussa et al., 2017). As caloric re-
striction induces sphingomyelin synthesis and sphingolipids are
the building blocks for plasma membrane lipid rafts (Collet et al.,
2017) which foster amyloidogenic cleavage of APP, further re-
search on the intersection between SIRT1, ApoE, and amyloid fib-
ril formation will be required to elucidate the therapeutic potential
of resveratrol in AD treatment.

6. Conclusions

The involvement of the immune system in the pathogenesis of
AD seems indisputable. However, many of the pathways linking
immune responses to the development of neurodegeneration re-
main uncharacterized. Neither exactly how and when immune ac-
tivation occurs in the course of AD, nor the extent of its impact on
cognitive functions are known. How are microglia involved in the
development of AD, and to what extent does physiological aging
result in their impaired capacity for nervous tissue maintenance?
Are reduced immune responses due to age or disease key factors
in the pathogenesis of AD? How does the age-dependent reduc-
tion of T and B cell levels affect AD onset and progression? How
effective are immunotherapies currently used to treat AD? While
satisfactory answers to the above questions are presently unavail-
able, it seems indisputable that vaccines, together with pharmaco-
logic modulation of immune responses may lead to prophylactic
or therapeutic strategies in AD treatment in the future. Moreover,
understanding the relationships between APOE, BINI, and CLU
described above may help to determine the risk of individuals with
a positive family history of AD face of developing cognitive im-
pairment. Nonetheless, preventive measures such as intellectual
exercise, socialization, and proper diet, if undertaken by subjects
at high risk of developing dementia, and especially those bearing
unfavorable genetic variants of APOE, BINI, and CLU, could con-
tribute to delaying the onset of cognitive deterioration.
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