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Abstract—An increase in the life expectancy during the last decades in most world countries has resulted in the growing
number of people suffering from neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease, fron-
totemporal dementia, and others. Familial forms of neurodegenerative diseases account for 5-10% of all cases and are
caused by mutations in specific genes often resulting in pathological protein deposition. The risk factors for neurodegener-
ation include trauma, lifestyle, and allelic variants of disease-associated genes with incomplete penetrance. Many of these
gene variants are located in immunity-related loci, particularly in the human leukocyte antigen locus (HLA class II) cod-
ing for proteins of the major histocompatibility complex class I (MHCII). HLA class II plays a key role in the antigen pres-
entation and is expressed in microglial cells. Microglia is a component of innate immunity. On the one hand, microglial cells
phagocytize pathological protein deposits; on the other hand, they produce proinflammatory factors accelerating neuronal
death. The involvement of adaptive immunity mechanisms (antigen presentation, T cell response, antibody production) in
the development of neurodegenerative diseases remains unclear and requires further research, including more detailed stud-

ies of the role of identified HLA class II genetic variants.
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An increase in the life expectancy leads to the grow-
ing number of elderly people worldwide. According to
2017 data, 21% of the Russian Federation population are
individuals over 60 years old. Recent forecasts predict that
this category will include 36 million people by 2100 [1].
The increase in the life expectancy is accompanied by the
rise in the number of people suffering from age-related

Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lat-
eral sclerosis; ApoE, apolipoprotein E; CNS, central nervous
system; GWAS, genome-wide association study; HLA, human
leucocyte antigen; IL, interleukin; IFNy, interferon y; MHC,
major histocompatibility complex; MHCI(II), major histo-
compatibility complex class I(II); PD, Parkinson’s disease;
TNE, tumor necrosis factor.

* To whom correspondence should be addressed.

diseases that can have a significant impact on the quality
of life. Different neurological disorders including
Alzheimer’s (AD) and Parkinson’s (PD) diseases, fron-
totemporal and vascular dementias, amyotrophic lateral
sclerosis (ALS), and Huntington’s disease account for
10% of years of life lost (YLL) due to premature death
and disability-adjusted life years (DALY). The data from
2016 show that neurological disorders represent 25%
causes of death among people over 70 years old. Among
those, stroke is the most common pathology (67.3%) fol-
lowed by AD and other dementias (20.3%). PD occupies
the sevenths place (1.2%) after meningitis, brain cancer,
encephalitis, and epilepsy. In Russia, 4.97% individuals
over 70 years of age die from AD and other types of
dementia; in the USA, this number is even higher —
12.79% [2]. At this moment, there is no cure for the neu-
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rodegenerative diseases that involve slowly progressing
degeneration of the central nervous system (CNS), and
the nature of these disorders mostly remains obscure.

A number of genes have been identified whose muta-
tions cause the development of neurodegenerative disor-
ders. For example, mutations in the APP (amyloid pre-
cursor protein), PSENT (presenilin 1), and PSEN2 (pre-
senilin 2) genes are associated with the early-onset famil-
ial AD (~5% AD cases) [3-5]. However, no specific genes
or mutations resulting in sporadic AD (remaining ~95%
cases) have been found so far. The risk factors for sporadic
AD include genomic variants, trauma, environmental
factors, diet, and lifestyle. Pathology-associated low-pen-
etrance genomic variants could be revealed by genome-
wide association studies (GWAS) involving large groups
of patients and healthy individuals. Identified loci or gene
variants should be then validated by analysis of independ-
ently assessed cohorts, clarification of the polymorphism
location, and biological interpretation of the obtained
data.

HLA LOCUS

Human leukocyte antigen (HLA) or the major histo-
compatibility complex (MHC) locus is located on chro-
mosome 6. It comprises ~0.13% of the genome and con-
tains ~150 protein-encoding genes predominately associ-
ated with the immune system. The MHC locus includes
three gene classes. MHC class III contains genes for vari-
ous ligands, receptors, cytokines, and other immune mol-
ecules. The highly polymorphic HLA-A, HLA-B, HLA-C,
HLA-DR, HLA-DQ, and HLA-DP genes coding proteins
involved in antigen presentation by the MHC are located
in the HLA class I and II loci. HLA-B is the most poly-
morphic gene of the MHC class I locus (MHCI); 1077
allele variants of this gene have been described so far.
HLA-DRBI is the most polymorphic gene of the MHC
class IT locus (MHCII) and has 669 allele variants [6]. The
diversity of the HLAI and II genes is essential for efficient
immune defense against pathogens at the population
level, since a broad variety of antigen-presenting mole-
cules makes possible presentation of a broad array of pep-
tides and, hence, ensures initiation of efficient immune
response against a large number of pathogens [7].

In the CNS, MHCI is expressed mostly by the
microglia and endothelial cells; low MHCI expression is
detected in the astrocytes, oligodendrocytes, and neurons
[8, 9]. Neuronal expression of MHCI is typical for the
hippocampus, but can be also observed in the cerebral
cortex, substantia nigra, and olfactory bulbs [10]. The
main source of MHCII in the CNS is microglia; howev-
er, low-level MHCII expression is found in astrocytes and
endothelial cells [8].

According to the results of multiple studies, HLA
polymorphisms and haplotypes are associated mainly
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with autoimmune pathologies (multiple sclerosis,
rheumatoid arthritis, psoriasis, celiac disease, chronic
lymphocytic thyroiditis, etc. [6]), but also with psychi-
atric diseases (e.g., schizophrenia) [11-13] and various
neurodegenerative disorders [14-17].

HLA CLASS IT AND ALZHEIMER'’S DISEASE

Alzheimer’s disease (AD) is a progressive neurode-
generative disorder characterized by accumulation of
amyloid plaques in the extracellular space and formation
of intracellular neurofibrillary tangles consisting of
hyperphosphorylated t protein. Such pathological pro-
tein aggregation results in the neuronal damage and brain
atrophy causing cognitive dysfunctions and memory loss
[18]. Short-term memory loss is one of the most common
early AD symptoms [19]; however, the first pathological
changes, such as decrease in the f-amyloid level, increase
in the 1 protein content in the cerebrospinal liquid, and
brain atrophy, can be detected 15-20 years prior to the
manifestation of the first AD symptoms [20].

Missense mutations in the APP, PSEN1, and PSEN2
genes associated with development of the early-onset
familial AD are highly penetrant [3-5]. Mutations in
PSEN] are the most frequent cause of the early-onset
autosomal dominant forms of AD. Homologous PSEN]1
and PSENZ2 genes encode presenilin proteins that act as
intramembrane aspartate proteases [21]. The proteolytic
processing of APP by presenilins in the membrane and by
[B-secretase at the outer membrane leads to the production
of B-amyloid peptides — major components of amyloid
plaques. Interestingly enough, no AD-associated muta-
tions have been found for the B-secretase-encoding BACE
gene [22]. Among the factors that may impact the risk of
AD development is the level of presenilin gene expression.
Thus, it was demonstrated that the transcriptional activity
of PSEN2 can be modulated by various physiological and
genetic factors [23, 24]. It has been also proven that AD
development is associated with the &4 allele of the
apolipoprotein E gene (APOF). This allele is the most
common risk factor in the population of European and
Asian descent [25, 26]. For example, it was shown that the
risk of AD development in elderly people in Russia is 3
times higher for the heterozygous carriers of the APOE &4
allele and 8 to 10 times higher for the homozygotes carri-
ers this allele [27]. Significantly weaker genetic associa-
tion of the PICALM, SORLI1, PLD3, CLU, CR1, TREM2,
CD33, and ABCA7 polymorphic variants with AD has been
reported, but not always validated [28-31].

A large study was published in 2013 that was devoted
to meta-analysis of GWAS for the late-onset AD forms
using four previous GWAS data sets consisting of 17,008
Alzheimer’s disease cases and 37,154 controls. The iden-
tified genetic associations were validated in an independ-
ent set of 8572 Alzheimer’s disease cases and 11,312 con-



1106

q

ALISEYCHIK et al.

p21.2 p21.31

p21.32

Chromosome 6

32400000 32450000 32500000 32550000

A A
-ll-llllilllll.

rs3129882 rs9271192
rs9271366
rs9268515 : J
‘rs3135388
rs2395163 |
‘ . rs9268856 I6E0895,
/ /1575855844 | rs2187668 —
/T rs9268877.. / j rs9277535
L | \
e ) - o
BTNL2 DRA DRB5 DRB6 DRB1 DQA1 DQB1 DQA2 DPB1

32600000

32650000 32700000 33090000

32750000//

Fig. 1. Location of polymorphisms associated with neurodegenerative diseases in the HLA class II locus. A fragment of the locus 21 (p21.31)
on the human chromosome 6 short shoulder (p) is shown with positions of HLA class II genes and polymorphisms associated with neurode-

generative diseases.

trols. A total of 19 loci newly associated with AD were
identified; the strongest association among those was
revealed for the 19271192 polymorphism (Fig. 1) in the
HILA—DRB5—DRBI region on chromosome 6, where the
MHCII genes are located. However, the authors them-
selves admitted that due to the complex organization of
this locus it was extremely difficult to identify which
genes were causal [14].

The data described above [14] were obtained in indi-
viduals of the European descent. In order to test the asso-
ciation of the identified rs9271192 polymorphism with
the risk of the late-onset AD in different ethnical groups,
this polymorphic marker was analyzed in 982 AD patients
and 1344 healthy controls from the Northern China. It
was demonstrated that the risk of AD development was 2
times higher in the homozygous carriers of the C allele in
comparison to the non-carriers. When these data were
stratified by the apolipoprotein E (4POE) e4 status, the
observed association was confined to APOE e4 non-carri-
ers, which indicates that the nucleotide substitution in the
HLA—DRB5—DRBI region may be an independent AD
risk factor [32].

Analysis of brain cortical samples showed that DNA
methylation in the HLA—DRA—DRBS5 locus could likely
affect the AD development. Three CpG sites in this locus
were found to be associated with -amyloid accumula-
tion, and 9 CpG sites — with the density of neurofibrillary
tangles [33].

MHC class II (MHCII) is a heterodimer consisting
of two types of polypeptide chains (a0 and ) expressed
mainly on the surface of the antigen-presenting cells such
as macrophages and dendritic cells. In the CNS, MHCII

is predominantly expressed by the microglia [34].
Multiple attempts to evaluate MHCII expression in the
brain of AD patients in comparison to the healthy con-
trols produced a large body of controversial data.
Hopperton et al. analyzed all papers published by the
time of their own study in which they assessed MHCII
expression in the post-mortem brain samples of AD
patients vs. the control group [35]. The authors found
that 36 studies reported upregulated MHCII expression
in AD patients (at least in one part of the brain), while
seven papers found no difference in the MHCII expres-
sion between AD patients and healthy subjects. Forty-one
out of the 43 cited studies assessed MHCII expression
immunohistochemically; in two papers, quantitative PCR
(polymerase chain reaction) or Western blotting were
used [35]. Thus, the controversy of the data produced in
different studies is likely due to the differences in the
brain regions investigated, examination techniques, and
the number of samples analyzed.

Meta-analysis of transcriptome data from the brain
cortex samples of AD patients and healthy individuals
demonstrated upregulation of the HLA- DRA gene expres-
sion in AD patients [36] and association of the rs9271192
polymorphism with elevated HLA-DRBI expression in
the cerebral cortex [37].

So, HLA class II is likely associated with the AD
development, as confirmed by genetic, epigenetic, and
protein expression studies. However, the links between
the found polymorphisms, methylation sites, and qualita-
tive and quantitative characteristics of the MHCII pro-
tein complex in certain brain regions still have to be
established.
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HLA CLASS IT AND PARKINSON’S DISEASE

Parkinson’s disease is the second most common neu-
rodegenerative disorder. Its clinical symptoms include
muscle rigidity, tremor, and bradykinesia [38, 39] result-
ing from the degeneration of dopaminergic nigrostriatal
pathways. This degeneration might be caused by the cyto-
plasmic accumulation in dopaminergic neurons of pro-
tein aggregates (Lewy bodies) consisting predominately
of the synaptic protein a.-synuclein [38, 40].

PD hereditary forms (5-10% of all cases) are caused
by mutations in the SNCA, VPS35, LRRK2, PINKI,
PARK2, and PARK7 genes. It is commonly believed that in
the rest of cases, PD development is contributed by vari-
ous factors including polymorphism of low-penetrance
genes, such as GBA, MAPT, GAK, BSTI, LAMP3, and
SYT11 41, 42].

Unlike AD, whose genetic association with a single
polymorphic marker in the MHC has been demonstrated,
PD is associated with a group of single-nucleotide poly-
morphisms in the HLA class II locus: rs3129882,
rs75855844, 1s9268515, rs2395163, rs660895, and
rs4248166 [43] (Fig. 1). However, it is impossible to
establish which particular variant associates with the dis-
ease because of extensive polymorphism in the HLA
locus, uneven allele distribution in populations, and rela-
tively small distances between the polymorphisms. In
particular, Hamza et al. proved genetic association of the
rs3129882 polymorphism in the HLA—DRA non-coding
region with the risk of PD development by studying 2000
PD patients and 1986 healthy controls [15]. At the same
time, meta-analysis of GWAS data published by the
International Genomic Consortium revealed association
between PD and the rs75855844 polymorphism in the
HLA-DRB5 gene. The discovery phase of this study
included 5333 case and 12,019 control samples; 7053 case
and 9007 control samples were analyzed in the replication
stage [44]. The results of new meta-analysis of GWAS
data were published in 2012 [45]. In this study, the
authors conducted detailed investigation of 51 polymor-
phisms in the HLA—DR region and showed that only the
HLA—DRBI rs660895 polymorphism passed multiple
comparison tests and represents a protective factor in PD
development [45]. Interestingly, the same polymorphism
associates with the risk of rheumatoid arthritis [46],
which, in its turn, negatively correlates with PD [47].

Single-nucleotide substitutions in the coding regions
of the HLA-DP, HLA-DQ, and HLA-DR genes affect the
ability of the MHCII molecule to form stable complex
with peptides, which directly impacts the efficiency of
antigen presentation [48]. Hence, in order to elucidate
the functional role of revealed genetic associations, it is
important to understand if they are related to particular
allele variants or regulatory sites of the HLA-genes.
Genetic studies (2000 patients and 1986 controls in the
main reference group; 843 patients and 856 controls in

BIOCHEMISTRY (Moscow) Vol. 83 No. 9 2018

1107

the replicate group) showed that the C*03:04 and
DRB1*04:04 alleles are associated with the risk of PD
development independently on the closely located poly-
morphisms. At the same time, the rs3129882 polymor-
phism and closely located 1s9268515 and rs2395163 poly-
morphisms are associated with PD independently on the
HLA alleles [43]. Hence, it can be suggested that both
structural and regulator elements of the HLA II locus are
involved into PD pathogenesis.

Expression of the HLA class II genes is regulated via
formation of three-dimensional structures. Thus, the non-
coding regions of the HLA class II genes contain insulator
sequences that interact with gene promoters and activate
them. This interaction proceeds with the involvement of
the CCCTC-binding factor and class II transactivator and
results in the formation of loops [49]. Because such regu-
lation system can supposedly coordinate the expression of
several genes; nucleotide substitutions in the regulatory
elements could result in the systemic effects. It is known,
for example, that rs3129882 and rs2395163 are associated
with the changes in the expression of the HLA-DR and
HLA-DQ genes in various tissues [43]. Further investiga-
tion of epigenetic regulation of the HLA locus is necessary
in order to answer the question which particular polymor-
phic variants in the non-coding regions of the HLA class
I1 genes affect pathogenesis of neurodegenerative diseases.

HLA CLASS IT AND OTHER
NEURODEGENERATIVE DISEASES

Frontotemporal dementia is a common neurodegen-
erative disease characterized by accumulation of protein
aggregates in the brain tissue leading to the neuronal cell
death, gliosis, and vascular damage. More than 90% cases
of frontotemporal dementia are due to accumulation of
MAPT (1 protein), TARDBP (TAR DNA-binding pro-
tein), and FUS (fused in sarcoma) in the frontal and tem-
poral lobes of the cerebral cortex. The patients can simul-
taneously exhibit symptoms of several neurodegenerative
diseases. For example, 20% patients with frontotemporal
dementia exhibit symptoms of early parkinsonism [50].

Genetic factors contribute significantly to the devel-
opment of frontotemporal dementia: 30-40% patients
with this diagnosis have relatives with neurodegenerative
disorders [51, 52]. The majority of described mutations
leading to the development of familial frontotemporal
have been found in the MAPT gene encoding the tau pro-
tein, as well as in the C9rf72 and GRN genes [50, 51].
However, there are many cases, for which no mutations in
the known genes have been identified.

According to the GWAS data (3526 patients with
frontotemporal dementia and 9402 healthy controls of the
European descent), the polymorphisms rs9268877 and
rs9268856 located in the non-coding region between the
HLA-DRA and HLA-DRB5 genes in the HLA locus are
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associated with the risk of frontotemporal dementia (Fig.
1) [16]. It was found that the allele A of the polymorphic
marker 1s9268877 is associated with the higher risk of the
frontotemporal dementia development (OR = 1.2), while
the allele A of the polymorphic marker rs9268856, on the
contrary, has a protective effect (OR = 0.8) [16]. Due to
the fact that the distance between the polymorphisms is
less than 1500 bp, it is difficult to assess whether these fac-
tors are independent. Investigation of the population of
the South-Western China revealed association of the poly-
morphic variant rs9268856, but not rs9268877, with the
increased risk of other neurodegenerative disease — amyo-
trophic lateral sclerosis (ALS). It was also found that the
AA genotype of 1s9268856 was associated with a 1.5-fold
lower life expectancy in the ALS patients [17].

Multiple sclerosis (MS) is a chronic disease of the
nervous system, which is different from the age-related
neurodegenerative diseases, as it is mainly an autoim-
mune disorder that affects brain and spinal cord.
Inflammation in the CNS is accompanied by the lym-
phocytic infiltration causing damage to the axonal
myelin. With time, microglia activation is initiated that
accompanies extended neurodegeneration [53]. Some
HLA class II alleles, such as HLA-DRB1*15:01, HLA-
DRB1*13:03, HLA-DRB1*03:01, HLA-DRB1*08:01,
and HLA-DQBI1*03:02, are currently considered risk
factors in MS development; the majority of them are
allele variants of the HLA-DRBI gene. Thus, the risk of
MS development in the carriers of the HLA-DRB1*15:01
allele is 8.3 times higher than in the non-carriers [54].
The protective alleles of the HLA class I have been also
described for MS, including HLA-A*02:01, HLA-
B*44:02, HLA-B*38:01, and HLA-B*55:01 [54]. It was
suggested that their association with a decreased MS risk
can be explained by less efficient autoantigen presenta-
tion. For example, investigation of the crystal structure
the HLA-DRB1*15:01 complex with myelin basic pro-
tein demonstrated that alanine in the polymorphic posi-
tion DR 71 creates a space for the aromatic side chain of
myelin basic protein, which is one of the major autoanti-
gens against which T cell response is developed [55].
Interestingly, a characteristic epitope of B-amyloid was
described for HLA-DRB1*15:01 allele variant; presenta-
tion of this epitope initiates strong immune response in
the transgenic mouse model of AD [56].

INNATE IMMUNE RESPONSE
AND NEURODEGENERATION

Neurodegeneration always involves immune system
and, as a consequence, is accompanied with inflamma-
tion (Fig. 2). In particular, AD patients have a decreased
content of lymphocytes in blood [64] and altered
cytokine levels in the blood serum [65]. An increase in the
number of yOT cells in the blood and changes in the lev-
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els of interleukin 2 (IL-2), interleukin 6 (IL-6), and
tumor necrosis factor (TNF) were observed in PD
patients [66]. Immune response genes (CLU, CRI,
TREM?2 [67], CD33, ABCA7) are found among genetic
loci with AD-associated polymorphisms. Expression of
most of these genes is upregulated in the cerebral cortex
of AD patients [28, 29]. Polymorphisms associated with
the risk of PD development were identified in the
immune response genes BTNL2, BST1, and LAMP3 [68].

It has been emphasized more and more often that
unlike “classic” neuroinflammatory diseases (MS and
encephalitis), pathogenesis of neurodegenerative diseases
involves innate immune response [69-71], in which
microglia plays the most important role.

Microglial cells are resident macrophages of the
CNS. Inflammatory signals, pathogens, Toll-like recep-
tor ligands, and aberrant protein aggregation (-amyloid,
a-synuclein) can activate the microglia leading to the
synthesis of proinflammatory cytokines (IL-1, IL-6,
TNF) and chemokines, production of reactive oxygen
species, and induction of phagocytosis.

The role of microglia in AD pathogenesis is not com-
pletely understood. On the one hand, accumulation of 3-
amyloid in the extracellular space causes continuous acti-
vation of the microglia. Production of cytokines by the
activated microglia results in progressively increasing
number of activated microglial cells by the positive feed-
back mechanism. Inflammation impairs the function of
the nervous system cells and causes eventual death of
neurons. After prolonged activation, microglial cells
themselves acquire the exhausted phenotype specific of
chronic inflammation [69]. On the other hand, microglial
cells phagocytize cell debris and B-amyloid and are
involved in the processes of tissue repair and isolation of
amyloid plaques thus protecting neurons from their toxic
effect [72]. Numerous AD-associated genes (CD33,
TREM?2, PLCG2) are actively expressed in the microglial
cells and participate in the processes of their activation
[35]. Being the antigen-presenting cells, microglial cells
are the main source of MHCII in the nervous tissue [73].

PD development is accompanied with an increase in
the activated microglia markers [74]. Conglomerates of
microglial cells have been found in the vicinity of a.-synu-
clein deposits. a-Synuclein activates microglia via inter-
action with the Toll-like receptors. This process is accom-
panied by the synthesis of proinflammatory cytokines,
such as IL-1B, TNF and IL-6. It is generally accepted
that developing inflammation is the main cause of neu-
rodegeneration, although as in the case of AD, microglia
is capable of phagocytizing toxic protein deposits, which
might slightly slow down PD development [74, 75].

An increase in the number of microglial cells,
microglia activation, and disruption of its functions have
been also demonstrated in other neurodegenerative
pathologies, such as ALS and frontotemporal dementia
[76].
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ADAPTIVE IMMUNE RESPONSE
AND NEURODEGENERATION

Based on the generally accepted opinion that the
main immune component in the pathogenesis of neu-
rodegenerative diseases is innate immunity response
mediated by the microglia [69-71], it is difficult to inter-
pret the revealed genetic association of the HLA class 11
genes with the majority of neurodegenerative disorders
(table). It is likely that changes in the structural and reg-
ulatory regions of the HLA class II genes affect the
processes of antigen presentation, and, therefore, modu-
late adaptive immunity. It was found that polymorphisms
in the antigen presentation-related genes other than
HLA class II are associated with the development of neu-
rodegenerative diseases. For example, the 15241448 poly-
morphism associated with the risk of AD development in
the APOFE &4 carriers is located in the TAP2 gene, the
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protein product of which is required for antigen process-
ing [77].

It is possible that neurodegeneration induces adap-
tive immune response. Indeed, T cells from the blood of
AD patients demonstrate increased reactivity towards -
amyloid. Antibodies against f-amyloid were found in the
blood of aged individuals, and the titer of these antibod-
ies was higher in AD patients [65]. The data obtained in
Rag-5xfAD mice lacking T, B, and NK cells and exhibit-
ing pathological changes similar to those observed in AD
patients indicate that antibodies produced by B cells are
required for efficient phagocytosis of B-amyloid by the
microglia [78]. Hence, adaptive immunity can play a
protective role in AD and other neurodegenerative dis-
eases.

On the other hand, Thl and Th17 lymphocytes can
migrate into the brain in response to proinflammatory
signals generated by the microglia and to aggravate
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inflammation by producing interferon y (IFNy) [79]. The
study of post-mortem samples from PD patients demon-
strated that both CD4* and CD8" T lymphocytes are
capable of brain infiltration. It was established using the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mouse model of PD that CD4" cells cause the death of
dopaminergic neurons, most likely, via interaction of the
FAS receptor with its ligand (FASL) [80]. There is an
opinion that antigen presentation in the complexes with
MHCI and MHCII by brain endothelial cells regulates
selective permeability of the blood-brain barrier for T
lymphocytes [81].

Neuronal death accompanying all neurodegenera-
tive diseases can also induce the B cell response, in par-
ticular, production of autoantibodies. For example,
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immunoglobulins isolated from the serum of ALS
patients induce apoptosis in a cell line of motoneurons
[82]. Antibodies against f-amyloid and a-synuclein have
been found in the serum of healthy people; however, the
titers of these antibodies are often higher in AD and PD
patients, respectively [83, 84].

Activated microglia expressing MHCII can present
antigens, thus inducing adaptive immune response.
Disruption of the blood-brain barrier has been demon-
strated for the majority of neurodegenerative diseases.
This disruption can lead to the changes in the transport of
compounds and cause infiltration of the peripheral blood
cells into the brain [85]. However, lymphocyte infiltration
is not a typical feature of all neurodegenerative diseases; it
is manifested rather locally.

Polymorphic markers in HLA class I1 locus associated with neurodegenerative diseases

Polymorphism| Location Closest MAF?| Allele Disease OR? P-value Group size* Ethnic Source Refe-
in the genes variants® back- (PMID) | rence
genome' ground
9271192 6:32610753 | DRBI-DQAI | 0.27 C/A AD 1.11 3-10712 25580/48466 | Europe 24162737 | [14]
9271192 6:32610753 | DRBI-DQAI | 0.2 C*/A AD 2.07 0.004 982/1344 China 29190991 | [32]
175855844 | 6:32512450 | DRA-DRBS 0.24 G/A PD 0.78 | 2.24-107% 12386,/21026 | Europe 21292315 | [44]
and USA
9275326 6:32698883 | DOQBI-DOA2 | 0.08 T/C PD 0.85 | 1.26-1078 | 20184/397324 | mixed 28892059 | [57]
rs3129882 6:32441753 | DRA 0.49 G/A PD 1.26 1.9-1071° 3447/3454 | mixed 20711177 | [15]
9268515 6:32411518 | BTNL2-DRA | 0.09 C/G PD 1.28 2.107¢ 2843/2842 | mixed 22096524 | [58]
rs660895 6:32609603 | DRBI-DQAI | 0.2 G/A PD 0.86 <1-107* 7996/36455 | mixed 22807207 | [59]
rs2395163 6:32420032 | BTNL2-DRA | 0.15 C/T PD 0.81 31077 7976/6350 | mixed 22451204 | [60]
9268877 6:32463370 | DRA-DRBS5 0.41 A/G fronto- 1.20 | 1.05-107% 2154/4308 | Europe 24943344 | [16]
temporal and USA
dementia
9268856 6:32461942 | DRA-DRBS5 0.29 A/C fronto- 0.80 | 5.51-107° 2154/4308 | Europe 24943344 | [16]
temporal and USA
dementia
9268856 6:32461942 | DRA-DRBS5 0.26 A*/C | amyo- 2.10 0.005 400/634 China 28131168 | [17]
trophic
sclerosis
rs2187668 6:32638107 | DQAI 0.08 T/C multiple 2.01 3.1-107% 3830/5664 | Europe 21049023 | [61]
sclerosis
9277535 6:33087084 | HLA-DPBI 0.33 G/A | multiple 1.27 | 2.3-1071 3830/5664 | Europe 21049023 | [61]
sclerosis
rs3135388 6:32445274 | DRA-DRBS 0.04 A/G multiple 2.75 4.1072» 4839/9336 | mixed 19525953 | [62]
sclerosis
9271366 6:32619077 | DRBI-DQAI | 0.15 G/A | multiple 2.78 | 7.0-1071% 3874/5723 | Europe 19525955 | [63]
sclerosis

' Human references genome GRCh38.p7 was used.

2 MAF, minor allele frequency in population according to the data of 1000 genomes project (www.internationalgenome.org).

3 OR, Odds ratio.
4 Group of patients with diagnosed disease/control group.

* Association with homozygous genotype for the indicated allele was analyzed.
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CONCLUSIONS AND DIRECTIONS
FOR FUTURE RESEARCH

Based on the information presented above, we can
postulate the following three statements on the relation-
ship between the immune system and neurodegenerative
diseases. First, genetic association between polymor-
phisms in the immune response genes (including the
HLA class II locus) and neurodegenerative diseases have
been clearly demonstrated. Second, pathogenesis of neu-
rodegenerative diseases (especially during disease pro-
gression) is determined by the innate immunity response
mediated mostly by the microglia. Third, adaptive
immunity exerts dual action on the neurodegeneration
process: the antibody-mediated response promotes
phagocytosis of aberrant protein deposits, while the T
cell immune response facilitates neuronal death
(although does not represent its main cause). At present,
there are no sufficient data to establish the links between
these statements. In particular, the role of antigen pres-
entation in pathogenesis of neurodegenerative diseases is
poorly understood. Which cells participate in this
process? Which antigens are presented? Where does it all
happen?

The fact that polymorphisms in the HLA class II
locus are the risk factors of neurodegenerative diseases
suggests that the process of antigen presentation can be
essential during the disease onset, but then becomes sec-
ondary at the later stages of disecase pathogenesis. As
mentioned above, AD development starts 15-20 years
before the disease can be diagnosed [20]; therefore, the
majority of studies are conducted at the disease progres-
sion rather than prodromal stage. Transgenic models of
AD are based on the reproduction of hereditary AD forms
achieved by introduction of AD-related high-penetrance
mutations into the genome. Hence, novel approaches
must be developed to investigate the role of immune sys-
tem in the early stages of neurodegenerative disorders.

It is possible that in certain cases, initial immune
response is induced not so much by autoantigens, but by
viral or bacterial proteins. There is no consensus so far on
the viral theory of neurodegenerative diseases. However,
some studies report the link between the level of antibod-
ies against the herpes simplex virus [86, 87] or
cytomegalovirus [88] and the risk of AD development.
Viral infections might facilitate induction of neuroin-
flammation and represent one of the factors in the devel-
opment of neurodegenerative diseases.

A large body of data has emerged recently implying
that MHCI expressed in neurons plays a non-immune
function. It is likely involved in synaptic plasticity, for-
mation and elimination of synapses [§9-91]. It cannot be
ruled out that in addition to its important role in immune
response, MHCII contributes to the functioning of the
nervous system via yet unknown mechanisms. For this
reason, the data on the role of MHCII in neurogenesis
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are extremely important. MHCII is expressed in neu-
ronal stem cells during brain embryonic development
[92]. Adult neurogenesis is associated with the increase
in the MHCII content at the surface of microglia in the
neurogenic niches in response to IFNy and IL-4 pro-
duced by T lymphocytes of the brain meningeal mem-
branes [93]. Meningeal immunity can affect cognitive
functions through expression of cytokines. For example,
IL-4 produced by meningeal T lymphocytes participates
in the formation and maintenance of spatial memories
[94], while IFNy is involved in the implementation of
social behavioral programs [95]. Neurodegeneration
processes are often linked to neurogenesis disruption
[96]; that is why detailed elucidation of the molecular
mechanisms of functioning of neuronal stem cells is
required for understanding the pathogenesis of neurode-
generative diseases.

Finally, it is known that gut microbiota affects the
development of pathological processes in neurodegener-
ative diseases. The treatment of transgenic mouse AD
and PD models with antibiotics alleviates the disease
symptoms [97-99]. It is possible that changes in the bac-
terial and viral microflora result in impaired immune
tolerance of the entire body (including the CNS) and
initiation of autoimmune and neuroinflammatory
processes. The cells of innate and adaptive immune sys-
tems activated by bacterial molecules (protein antigens,
LPS, phosphoantigens, etc.) can migrate from the gut to
the brain meninges, where they produce proinflammato-
ry factors, thereby promoting neuroinflammation and
neurodegeneration. Hence, HLA class II polymor-
phisms associated with the development of neurodegen-
erative diseases could affect presentation of not only
neuronal antigens, but also viral or bacterial antigens
and, therefore, facilitate inflammation caused by viruses
and microbes.
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