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ABSTRACT Genetic studies of patients with autoimmune diseases have shown that one of the most important 
roles in the developing of these diseases is played by a cluster of genes of the major histocompatibility complex 
(MHC), as compared with other genome areas. Information on the specific contribution of MHC alleles, mostly 
MHC class II ones, to the genetic predisposition to autoimmune diseases is crucial for understanding their 
pathogenesis. This review dwells on the most relevant aspects of this problem: namely, the correlation between 
carriage of certain MHC II alleles and an increased (positively associated allele) or reduced (negatively associat-
ed allele) probability of developing the most common autoimmune diseases, such as type 1 diabetes, rheumatoid 
arthritis, multiple sclerosis, systemic lupus erythematosus, autoimmune thyroiditis, etc. The most universal 
haplotypes, DR3-DQ2 and DR4-DQ8, are positively associated with many of these diseases, while the universal 
allele HLA-DRB1*0701 is protective.
KEYWORDS antigen presentation, autoimmune diseases, human leukocyte antigen, major histocompatibility 
complex, multiple sclerosis, rheumatoid arthritis, type 1 diabetes.
ABBREVIATIONS AD – autoimmune disease; MHC – major histocompatibility complex; HLA – human leukocyte 
antigen; APC – antigen-presenting cells; MS – multiple sclerosis; SLE – systemic lupus erythematosus; T1D – 
autoimmune type 1 diabetes; RA – rheumatoid arthritis; GD – Graves’ disease; N – narcolepsy; AT – autoimmune 
thyroiditis; LD – linkage disequilibrium; IC – invariant chain.

INTRODUCTION
The major histocompatibility complex (MHC), or hu-
man leukocyte antigen (HLA), contains several gene 
clusters that encode surface heterodimeric proteins, 
which are anchored to the plasma membrane and are 
responsible for antigen presentation to T cells, a stage 
that is followed by the development of an adaptive 
immune response. MHC proteins are subdivided into 
class I, class II, and class III (the complement system) 
[1]. MHC class I proteins occur in almost all cell types 
and are involved in the presentation of self-antigens 
fragments, which trigger the CD8+ T cell-mediated 
immune response. MHC class I molecules are found 
on the surface of professional antigen-presenting cells 
(APCs) and mostly present fragments of foreign anti-

gens (bacterial, viral, etc.) captured by APCs. The MHC 
II–peptide complex interacts with CD4+ T cells (Fig. 1).

MHC proteins are heterodimers that consist of two 
chains: the long α chain containing a transmembrane 
domain and a short universal β2-microglobulin chain 
(for MHC I), or long α and β chains carrying extracellu-
lar, transmembrane and short cytoplasmic domains (for 
MHC II). The peptide-binding groove is an essential 
structural element of MHC, because its structure is re-
sponsible for peptide binding and further triggering of 
the immune response. HLA molecules need to be highly 
polymorphic to ensure presentation of a large number 
of variable peptides.

MHC genes are located on chromosome 6 (ex-
cept for the gene for the light chain of MHC I (β2-
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microglobulin), which resides on chromosome 15) and 
form extensive clusters (Fig. 2). Class I genes include 
HLA-A, HLA-B, and HLA-C, which encode the α chains 
of the heterodimer. MHC class II molecules are mainly 
encoded by the genes of the HLA-DR, HLA-DQ, and 
HLA-DP loci; each of them includes an α and β chain 
gene (e.g., the DRA1 gene coding for the α chain and 
the DRB1, DRB3, DRB4, and DRB5 genes coding for 
β chains in the HLA-DR locus). This nomenclature has 

evolved through historical sequences of discovery of 
HLAs: they were named using Roman numerals and 
English alphabet letters as they were progressively 
discovered.

The MHC locus is the most polymorphic in the hu-
man genome [2]. It is responsible for the existence of 
a vast diversity of MHC protein forms. To classify the 
products of these genes’ expression, MHC molecules 
were subdivided into groups, in accordance with 

Fig. 1. Diagram showing antigen presentation by MHC II molecules. (1) An antigen enters intracellular vesicles.  
(2) Acidification of vesicles activates proteases that hydrolyze the antigen into peptide fragments. (3) Vesicles contain-
ing the peptide fragments merge with vesicles containing MHC II molecules (green). (4) The invariant chain (Ii) (violet) 
binds to the newly synthesized MHC II molecules and partially occupies the peptide-binding groove. (5) The invariant 
chain undergoes proteolytic degradation; as a result, the CLIP peptide (blue) remains bound in the groove. (6) DM 
(orange) binds to the MHC II molecules and catalyzes the peptide exchange. (7) The MHC II molecules, loaded with an 
antigenic peptide (red), are transported to the cell surface where they can be recognized by a CD4 + T cell receptor 
TCR (cyan blue). The CD4 co-receptor molecule (brown) present on T cells also binds to the MHC II molecules. For 
T-cell activation to occur, the CD80 or CD86 co-stimulating molecules (pink) expressed on the antigen-presenting cell 
must bind to the CD28 co-stimulating molecule (beige) expressed on the T cells
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their serotypes (e.g., the HLA-DR1 serogroup). The 
advances in molecular genetic methods have made it 
possible to refine the nomenclature and identify the 
groups of HLA alleles that correspond to serogroups of 
their protein products (DRA*01 + DRB1*01, respec-
tively) and subsequently even the specific gene alleles 
(DRA*01 + DRB1*0101, *0102 or *0103, respectively) 
[3]. The HLA-B gene is the most polymorphic MHC 
class I gene (with 1,077 alleles reported); the HLA-
DRB1 gene, with 669 alleles, is the most polymorphic 
among MHC class II genes [4, 5]. Extensive linkage 
disequilibrium (LD) regions (up to 500 kb) were found 
within the HLA genomic region [6]. These extensive 
inherited gene clusters complicate the identification of 
specific disease-associated alleles, since they often can-
not be differentiated from the full inherited haplotype.

To date, many biomedical studies have focused on the 
role of MHC II in the initiation of autoimmune responses, 
since they can present both exo- and endogenous pep-
tides to CD4+ T cells under pathological conditions. Re-
cently, there have been reports of a lot of association 
examples between certain MHC II alleles and the risk of 
developing autoimmune diseases (ADs) (Table). This fact 
is one of the main reasons behind the development of an 
autoimmune process and explains the phenomenon of 
“autoimmunity” at the molecular level.

In patients with autoimmune diseases (such as 
multiple sclerosis (MS), systemic lupus erythemato-

sus (SLE), type 1 diabetes (T1D), rheumatoid arthritis 
(RA), Graves’ disease (GD), etc.), auto-antibodies are 
synthesized and lymphocytes often penetrate into 
the target organ, leading to inflammation and partial 
destruction. These diseases are mostly chronic. Al-
though the AD patienthood can often be stabilized for 
prolonged time periods, researchers still need to gain 
a detailed understanding of the disease mechanisms 
in order to develop an effective treatment strategy. 
Antigen presentation and further T cells activation are 
considered key components of the immune response 
in many diseases [7] and are often the therapy targets. 
Therefore, studying the peculiarities of antigen presen-
tation (and the structure and features of MHC I and II 
proteins in particular) is of utmost importance.

Interestingly, the autoimmune diseases accom-
panied by autoantibody production are typically 
associated with MHC II, while the diseases not ac-
companied by this phenomenon are more commonly 
associated with certain MHC I alleles [8]. An associa-
tion with haplotypes including gene clusters is also 
observed in many diseases, which is likely to be the 
result of a linkage disequilibrium of these genes that 
occurs during inheritance. Thus, many diseases are 
known to be associated with the DR3-DQ2 MHC II 
haplotype and with the MHC I HLA-B8 and HLA-
A1 alleles, which are components of the extensive, 
conserved haplotype [8].

Fig. 2. Schematic representation of the HLA locus on human chromosome 6. The HLA region is located on the short arm 
of chromosome 6 from 6p21.1 to p21.3 and is shown with a red stripe. The length of class II (red), class III (blue), and 
class I (green) genes (from the centromeric to the telomeric end) is shown. The class II region includes genes for the α 
and β chains of the MHC class II molecules HLA-DR, HLA-DP and HLA-DQ. In addition, the genes encoding the DMα 
and DMβ chains, as well as the genes encoding the α and β chains of the DO molecule (DOα and DOβ, respectively), 
are also located in the MHC class II region
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THE POTENTIAL MECHANISMS OF A LINK BETWEEN MHC 
II ALLELES AND THE RISK OF DEVELOPING CERTAIN ADS 
MHC II molecules are involved in the presentation of 
antigens, including autoantigens (Fig. 1). The immune 
response develops after the 13–18 amino-acid antigenic 
peptide is presented by APCs using a MHC II molecule 
and recognized by the respective T-cell receptor on the 
CD4+ T-cell surface. Dendritic cells, B cells, and mac-
rophages can act as APCs [9].

MHC II is synthesized in the endoplasmic reticulum 
and leaves this compartment as a complex with the 
invariant chain (IC) [10]. The IC catalyzes the release of 
MHC II from the endoplasmic reticulum and prevents 
its aggregation. The IC undergoes proteolysis in late 
endosomes, and only its small fragment (CLIP) remains 
bound to MHC II. It is most likely that CLIP impedes 
the interaction between MHC II and nonspecific pep-
tides by blocking their access to the binding pockets [9].

The association between the HLA-DRB1, HLA-DQA1, and HLA-DQB1 alleles and autoimmune diseases

HLA-DRB1* MS T1D RA GD N SLE AT
Odds ratio

Positive  
association

Negative associ-
ation

0101 1.5 – 3.0 0.5 – 1.0
0102 3.0 – 5.0 0.1 – 0.5
0103 5.0 + 0 – 0.1
0301
0401 Sardinia/Japan Japan
0402
0403
0404
0405
0701
0801 15/08
0901 Japan
1001
1101
1102
1103
1201
1301 Sardinia/Israel
1302 Japan
1401
1403 Japan
1501
1601

HLA-DQA1*
HLA-DQB1* DQ

0102
0601 DQ6.1

0102
0602 DQ6.2

0201
0303 DQ9.2

0301
0302 DQ8.1

0501
0201 DQ2.5

MS – multiple sclerosis; T1D – type 1 diabetes; RA – rheumatoid arthritis; GD – Graves’ disease; N – narcolepsy, SLE – 
systemic lupus erythematosus; AT – autoimmune thyroiditis.
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In late endosomes, CLIP is exchanged for a MHC-
specific antigenic peptide [11]. HLA-DM, a nonconven-
tional MHC class II molecule [12], plays a crucial role 
in this process. This molecule is not polymorphic and 
cannot interact with antigenic peptides; however, its 
structure is similar to that of other MHC II molecules. 
HLA-DM catalyzes the binding of antigenic peptide to 
HLA-DR and substantially increases the rate of this re-
action [13, 14]. Hence, HLA-DM contributes to the spe-
cific binding of MHC II to high-affinity peptides. The 
MHC II–peptide complexes are then delivered to the 
plasma membrane to present peptides to CD4+ T cells. 
The interaction with these cells determines whether 
the immune response is started or not. If the immune 
response is initiated, CD4+ T cells activate naïve B cells 
for a subsequent production of specific antibodies/
autoantibodies (for presentation of self-antigens) and 
contribute to the recruitment of macrophages to the 
immune response. Autoreactive CD4+ T cells against 
a number of self-antigens have been identified in pa-
tients with AT, GD, and MS [15].

Several hypotheses exist regarding the emergence 
of autoimmune diseases mediated by a number of MHC 
II alleles. Thus, a positive or negative association be-
tween autoimmune diseases and various HLA alleles 
can be determined through the structural features 
of the antigen-binding groove of the MHC molecule, 
which is encoded by a certain allele and is responsible 
for peptide binding (particularly, the arrangement of 
certain amino acids in definite positions within this 
groove, such as the positions 11, 71, and 74 in the MHC 
β-chain) [8, 16]. These MHCs, with point substitutions, 
vary in their efficiency of binding and presentation of 
self-peptides [17, 18]. The structural MHC elements 
indirectly related to the initiation of an autoimmune 
response can reside not only in the peptide-binding 
groove, but also in its proximity, within the area di-
rectly in contact with the T-cell receptor. The MHC 
polymorphism in this region may cause either bind-
ing of autoreactive effector T cells or weak selection of 
regulatory T cells [6].

The autoimmune response can also be initiated 
through molecular mimicry, when exogenous viral or 
bacterial peptides share a structural similarity with 
endogenous self-peptides. Certain MHC alleles struc-
turally adapted for presentation of these exogenous 
infectious peptides can also present structurally similar 
self-peptides, followed by the initiation of an autoim-
mune response [19].

Some examples have been reported when medica-
tion (abacavir in the treatment of HIV [8, 20] or even 
low-molecular-weight compounds such as Be2+ [21]) 
could be bound to the peptide-binding groove of a 
specific MHC allele, thus changing the specificity of 

peptide presentation and enabling presentation of self-
peptides.

In some cases (e.g., in patients with the celiac dis-
ease [22] or RA [23]), the antigen peptides undergo 
post-translational modification and are preferentially 
presented on risk alleles.

The data on a positive or negative link between a 
number of MHC alleles and the risk of developing ADs 
are of exceptional importance in enabling successful 
target immunotherapy using drugs targeted at the 
stage of MHC II antigen presentation.

THE DIVERSITY OF MHC II ALLELES ASSOCIATED 
WITH THE RISK OF DEVELOPING THE MOST 
COMMON AUTOIMMUNE DISEASES

Multiple sclerosis
Multiple sclerosis is a chronic neurodegenerative 
disease of the central nervous system (CNS) which is 
diagnosed in 0.1% Europeans and North Americans 
[24]. The risk factors for MS include polygenic inherited 
predisposition and a number of external factors, such 
as some infectious diseases, diet, and various social and 
climatic factors [25].

The disease has been shown to be clearly associ-
ated with the carriage of various genetic variants 
of MHC II. The most significant association be-
tween an extensive DR15-DQ6 haplotype (HLA-
DRB1*1501/HLA-DRB5*0101/HLA-DQA1*0102/
HLA-DQB1*0602) and MS has been revealed in Cauca-
sians [26]. Since all these alleles are characterized by a 
substantial linkage disequilibrium, it remained unclear 
for a long time which allele contributes the most to the 
predisposition to MS. A study focused on the associa-
tion between MHC II genes and MS in African-Ameri-
cans has allowed researchers to achieve some progress 
toward solving this problem. Linkage disequilibrium 
is less pronounced in this population, and the HLA-
DRB1*1501 allele is the one most typically associated 
with MS, thus indicating that this allele plays the most 
important role among the three alleles in the haplotype 
[27]. Today, the HLA-DRB1*1501 allele has been recog-
nized as the major risk allele for MS in Caucasians; its 
association with the disease has been demonstrated in 
most of the populations analyzed [28].

Multiple sclerosis has conventionally been regarded 
as a disease that affects women more often than men, 
since the female-to-male ratio between patients with 
relapsing-remitting (or secondary progressive) MS is 
2.5 : 1. Interestingly, Hensiek et al. [29] have reported 
that women are also more likely to carry the HLA-
DRB1*15 allele.

In addition to DRB1*1501, the universal risk allele 
for MS, other variants of the HLA-DRB1 gene positive-
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ly associated with MS have been reported for different 
populations (Table). An association between DRB1*03 
and MS has been revealed in many European popula-
tions; the risk of developing MS is significantly higher 
in homozygous carriers [30]. In patients from Sardinia 
and Japan, the HLA-DRB1*04 allele cluster was found 
to be also positively associated with MS, in addition 
to HLA-DRB1*03 [31, 32]. The HLA-DRB1*13 allele, 
which was also detected within the HLA-DRB1*1303/
HLA-DQB1*0301 haplotype in MS patients from Sar-
dinia (Italy), was also found to be associated with MS 
in Israelis [33]. A strong positive association between 
carriage of the HLA-DRB1*08 variant and the risk of 
developing MS was found to exist in Caucasians with 
the HLA-DRB1*15/08 genotype [34, 30].

The HLA-DRB1*14 variant was found to be a major 
protective allele (i.e., the allele negatively associated 
with the disease and that reduces its risk compared to 
the average population risk) in Northern Europeans 
[34]. The HLA-DRB1*01, *07, and *11 allele clusters 
are also regarded as protective, albeit to a lesser ex-
tent, in Caucasians [30, 35, 36]. The HLA-DRB1*11 
variant also exhibits a pronounced protective effect in 
African-Americans [37] and residents of Sardinia [32]. 
The DRB1*0901 allele can be considered as protective 
against MS in Japanese natives; its frequency across 
Asian countries is normally higher than it is in other 
countries [31].

Recent studies have demonstrated that the effect 
of protective and risk alleles can mutually compensate 
in heterozygous carriers. Thus, the effect of the HLA-
DRB1*15 and *03 risk alleles was found to be mitigated 
in the presence of the protective HLA-DRB1*14 or *11 
variant [30, 34].

It should be mentioned that carriage of certain HLA 
alleles is associated with the age of onset in multiple 
sclerosis. Thus, carriage of HLA-DRB1*1501, the ma-
jor risk allele for MS, is associated with earlier onset 
of the disease in Caucasians [38], while carriers of the 
DRB1*0405 allele display an earlier onset of the disease 
in the Japanese population [31]. It is known that in pa-
tients with MS, the immune system attacks the compo-
nents of the myelin sheath formed by oligodendrocytes 
[39]. A number of autoantigens in MS have been identi-
fied: the myelin binding protein (MBP), proteolypid 
protein (PLP), myelin oligodendrocyte glycoprotein 
(MOG), and the myelin-associated glycoprotein (MAG). 
Today, MBP is considered to be the most important of 
these autoantigens. MBP-specific CD4+ T cells have 
been revealed in the brain and spinal cord tissues of 
MS patients [40], while APCs presenting the main en-
cephalitogenic peptide MBP (a fragment consisting of 
amino acids 85–99) have been detected directly in de-
myelination foci [41, 42]. MHC II molecules encoded by 

HLA-DRB1*1501, the universal risk allele for MS that 
binds to the MBP

85-99
 fragment, play a crucial role in 

the presentation of this peptide on the surface of APCs. 
An autoimmune response to this complex in humanized 
mice has been reported [43], which can be regarded as 
the main mechanism explaining the observed associa-
tion.

Type 1 diabetes
Type 1 diabetes (T1D), found in 0.06–0.15% of the 
population, is caused by an autoimmune inflamma-
tion of pancreatic tissue, resulting in impaired insu-
lin secretion [41, 44]. It has been demonstrated that 
autoreactive T cells are derived from normal cells in 
patients with T1D, due to the presentation of insulin 
fragments on MHC II molecules. The association be-
tween T1D and the DRB1*03 and DRB1*04 allele clus-
ters was described earlier [6, 45]. Later, an association 
between this disease and DQB1 variants was revealed; 
the alleles of this gene (e.g., HLA-DQB1*0302 (DQ8) or 
HLA-DQB1*0201 (DQ2)) are associated with a high risk 
of T1D only when encoding a neutral amino acid (e.g., 
Ala) at position 57. If this position is occupied by the 
negatively charged aspartic acid as is the case for the 
DQB1*0602 (DQ6.2) and DQB1*0303 (DQ9) alleles [46], 
the respective allele will exhibit a protective activity [6, 
47]. It has been shown that the amino acid residue 57 is 
located in the P9 pocket of the peptide-binding groove 
and is responsible for the formation of the DQA1–
DQB1 heterodimer [47]. Probably, if aspartic acid is 
substituted for a neutral amino acid at this position, the 
specificity of the MHC molecule will be changed and it 
will become able to present insulin fragments. Inter-
estingly, the HLA-DRB1*0301, HLA-DRB1*0405, and 
HLA-DRB1*0401 alleles are positively associated with 
T1D, while the very similar HLA-DRB1*0403 allele is 
negatively associated with T1D [46, 48]. It is possible 
that in patients with this disease, the antigen-binding 
grooves in the positively and negatively associated 
MHC II molecules are structurally similar and have 
only a single-point mutation affecting the specificity of 
peptide binding. Furthermore, the HLA-DRB1*0701, 
HLA-DRB1*1401, and HLA-DRB1*1501 alleles also 
exhibit a strong protective activity [46].

Rheumatoid arthritis
Rheumatoid arthritis is a chronic inflammatory disease 
that affects the joints. Almost all RA patients carry the 
HLA-DRB1*0401, HLA-DRB1*0404, HLA-DRB1*0405 
or HLA-DRB1*0101 allele [49–51]. Interestingly, the 
β chains of MHC II are products of these alleles and 
share an amino acid motif inside the peptide-binding 
groove at positions 67–74, which forms the so-called 
“degenerate epitope” [41, 18]. It has been demonstrated 
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that the point mutations within the degenerate epitope 
change the charge, affect the association with RA, and 
are often the only differences between the risk and 
protective alleles DRB1*0103, DRB1*0402, DRB1*0701, 
DRB1*1102, and DRB1*1301 [6, 7, 49, 52]. A positive as-
sociation between DQB1 variants and RA has also been 
demonstrated [53], although this association is probably 
caused by a linkage disequilibrium with DRB1 alleles 
[54].

Graves’ disease
Graves’ disease (GD), also known as toxic diffuse goi-
ter or Basedow’s disease, is an autoimmune disorder 
caused by excessive secretion of thyroid hormones 
by the diffuse tissue of the thyroid gland, resulting in 
thyroid hormone poisoning (thyrotoxicosis). This dis-
ease is eight times more likely to affect women than 
men. It typically develops in middle-aged adults (usu-
ally between 30 and 50 years of age). The observed 
significant familial predisposition to GD indicates that 
the genetic component substantially contributes to the 
development of this disease. It has been demonstrated 
that predisposition to both GD and RA is associated 
with the degenerate motif in the DRB1 gene product 
(namely, with the amino acid at position 74 in the β 
chain of MHC II). Thus, the MHC molecule encoded by 
the GD-associated DRB1*03 variant and the product 
of the protective variant DRB1*07 carry Arg and Glu, 
respectively, at position 74 [55, 56]. It is worth men-
tioning that the protective MHC II alleles and the risk 
alleles also differ for T1D and RA in terms of the amino 
acid residing at position 74 [6]. The position 74 in the β 
chain of MHC might be exceptionally important, since 
this amino acid residue is located within the P4 pocket, 
where the peptide-binding motif of MHC overlaps with 
the T-cell receptor docking site [57].

Narcolepsy
Narcolepsy is a chronic neurodegenerative disease 
characterized by excessive daytime sleepiness and 
disturbed nighttime sleep [41, 58]. It is a complex dis-
ease whose etiology has yet to be fully elucidated. Its 
presumably autoimmune nature has been attributed 
to an explicit association with the DQB1*0602 MHC 
II allele, as almost 100% of patients diagnosed with 
narcolepsy carry this allele [59]. Findings of an auto-
immune T-cell response in patients with this disease 
have also been reported [60]. Since the structurally 
very similar HLA-DQB1*06011 allele (differing from 
the HLA-DQB1*0602 by only 9 codons in the β-chain 
gene) is protective for this disease [61], it is likely that 
the association/protection mechanism is also related 
to variations in the binding strength of the presented 
peptide and T-cell receptor docking in this case. An 

antigen whose fragments can be presented by the 
HLA-DQ6.2 product (DQA1*0102/DQB1*0602) has not 
yet been conclusively identified; however, a hypothesis 
has been put forward that this antigen could be orexin 
(hypocretin), a neurotransmitter that is involved in 
sleep regulation and synthesized in the hypothalamus 
[51]. The crystal structure of an HLA-DQ6.2 molecule 
bound to the peptide (a hypocretin derivative) has been 
deciphered [62].

Interestingly, the accumulation of data on a link 
between MHC II and a risk of developing ADs has 
revealed that the same variants are associated with 
several other diseases. These variants are often found 
in extensive haplotypes that involve the DRB1, DQA1, 
and DQB1 genes and are inherited together due to a 
strong linkage disequilibrium. The DR3-DQ2 and DR4-
DQ8 alleles within the so-called extended haplotypes 
(DRB1*03/DQA1*0501/DQB1*0201 and DRB1*04/
DQA1*0301/DQB1*0302, respectively) are associated 
with T1D [41, 63]. Meanwhile, DR3 is also associated 
with MS, GD, SLE, and AT; therefore, it is referred 
to as the “autoimmune haplotype” [6]. DR4 is also as-
sociated with a number of diseases, including RA and 
AT. On the other hand, it is worth mentioning that the 
HLA-DRB1*0701 allele exhibits a protective effect 
in many diseases, such as MS, T1D, RA, GD, and AT 
(Table).

Recent studies have demonstrated that the extent 
of any association between a certain MHC allele and 
autoimmune diseases is also dependent on the regu-
lated level of expression of such an allele. Furthermore, 
it has been revealed that increased expression of a 
particular MHC II allele may change the T-cell recep-
tor repertoire during T-cell maturation in the thymus 
gland and affect the survival and expansion of mature 
T-cell clones. It has been shown that the MHC expres-
sion can be regulated at both the transriptional and 
post-transcriptional levels [64].

CONCLUSIONS
Most autoimmune diseases are caused by a number of 
factors (including genetic, social, and climatic ones) and 
depend on a patient’s age and sex, smoking, past his-
tory of infections, etc. However, the risk of developing 
an AD significantly increases in patients with genetic 
predisposition, which is often dependent on carriage of 
certain MHC II genes. The MHC II variants whose car-
riage may lead to the development of an autoimmune 
disease in a particular person have been characterized. 
A number of MHC II alleles exhibiting protective ac-
tivity against specific diseases have been reported. A 
cluster of MHC II genes, either positively or negatively 
associated with the diseases, can vary depending on a 
person’s ethnicity. More and more structural data on 
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autoantigen presentation on MHC II molecules is be-
coming available each year. Information on the struc-
tures of several trimolecular MHC II–peptide–T-cell 
receptor complexes has been obtained. An integrated 
approach is needed for a comprehensive understanding 
of the mechanisms of AD induction and for developing 
novel therapeutic modalities. Such an approach should 
include an in-depth investigation of the elemental 
stages of MHC II antigens presentation mechanism, the 
basis of the protective activity exhibited by different 

MHC II alleles, the different characteristics of MHC II 
autoantigen loading, including the kinetic peculiarities, 
and the eliciting of a further autoimmune response in-
volving activated CD4+ T cells. 

This study was supported by the Russian Science 
Foundation (grant No. 17-74-30019) and the U.S. 

National Institutes of Health/Russian Foundation for 
Basic Research grant No. 17-54-30025.

REFERENCES
1. Campbell R.D., Trowsdale J. // Immunol. Today. 1993. 

V. 14. № 7. P. 349–352.
2. Mungall A.J., Palmer S.A., Sims S.K., Edwards C.A., 

Ashurst J.L., Wilming L., Jones M.C., Horton R., Hunt S.E., 
Scott C.E., et al. // Nature. 2003.  V. 425. № 6960. P. 805–811.

3. McCluskey J., Kanaan C., Diviney M. // Curr. Protoc. Im-
munol. 2017. V. 118. P. A1S1-A1S6.

4. Aliseychik M.P., Andreeva T.V., Rogaev E.I. // Biochemis-
try (Mosc.). 2018. V. 83. № 9. P. 1104–1116.

5. Shiina T., Hosomichi K., Inoko H., Kulski J.K. // J. Hum. 
Genet. 2009.  V. 54. № 1. P. 15–39.

6. Gough S.C., Simmonds M.J. // Curr. Genomics. 2007.  V. 8. 
№ 7. P. 453–465.

7. Simmonds M.J., Gough S.C. // Br. Med. Bull. 2004. V. 71. 
P. 93–113.

8. Sollid L.M., Pos W., Wucherpfennig K.W. // Curr. Opin. 
Immunol. 2014. V. 31. P. 24–30.

9. Neefjes J., Jongsma M.L., Paul P., Bakke O. // Nat. Rev. 
Immunol. 2011. V. 11. № 12. P. 823–836.

10. Busch R., Doebele R.C., Patil N.S., Pashine A., Mellins E.D. 
// Curr. Opin. Immunol. 2000.  V. 12. № 1. P. 99–106.

11. Villadangos J.A. // Mol. Immunol. 2001. V. 38. № 5. 
P. 329–346.

12. Kropshofer H., Vogt A.B., Moldenhauer G., Hammer J., 
Blum J.S., Hammerling G.J. // EMBO J. 1996. V. 15. № 22. 
P. 6144–6154.

13. Pos W., Sethi D.K., Wucherpfennig K.W. // Trends Immu-
nol. 2013. V. 34. № 10. P. 495–501.

14. Schulze M.S., Wucherpfennig K.W. // Curr. Opin. Immu-
nol. 2012. V. 24. № 1. P. 105–111.

15. Nielsen C.H., Moeller A.C., Hegedus L., Bendtzen K., Les-
lie R.G. // J. Clin. Immunol. 2006. V. 26. № 2. P. 126–137.

16. Gregersen P.K., Silver J., Winchester R.J. // Arthritis 
Rheum. 1987. V. 30. № 11. P. 1205–1213.

17. Gromme M., Neefjes J. // Mol. Immunol. 2002. V. 39. 
№ 3–4. P. 181–202.

18. Parham P. // Immunol. Rev. 1996. V. 154. P. 137–154.
19. Lang H.L., Jacobsen H., Ikemizu S., Andersson C., Harlos 

K., Madsen L., Hjorth P., Sondergaard L., Svejgaard A., 
Wucherpfennig K., et al. // Nat. Immunol. 2002.  V. 3. № 10. 
P. 940–943.

20. Mallal S., Phillips E., Carosi G., Molina J.M., Workman 
C., Tomazic J., Jagel-Guedes E., Rugina S., Kozyrev O., Cid 
J.F., et al. // N. Engl. J. Med. 2008. V. 358. № 6. P. 568–579.

21. Clayton G.M., Wang Y., Crawford F., Novikov A., Wim-
berly B.T., Kieft J.S., Falta M.T., Bowerman N.A., Marrack 
P., Fontenot A.P., et al. // Cell. 2014. V. 158. № 1. P. 132–142.

22. Molberg O., McAdam S.N., Korner R., Quarsten H., 
Kristiansen C., Madsen L., Fugger L., Scott H., Noren O., 
Roepstorff P., et al. // Nat. Med. 1998. V. 4. № 6. P. 713–717.

23. Girbal-Neuhauser E., Durieux J.J., Arnaud M., Dalbon P., 
Sebbag M., Vincent C., Simon M., Senshu T., Masson-Bess-
iere C., Jolivet-Reynaud C., et al. // J. Immunol. 1999. V. 162. 
№ 1. P. 585–594.

24. Keegan B.M., Noseworthy J.H. // Annu. Rev. Med. 2002. 
V. 53. P. 285–302.

25. Ebers G.C. // Lancet Neurol. 2008. V. 7. № 3. P. 268–277.
26. Fogdell A., Hillert J., Sachs C., Olerup O. // Tissue Anti-

gens. 1995. V. 46. № 4. P. 333–336.
27. Oksenberg J.R., Barcellos L.F., Cree B.A., Baranzini S.E., 

Bugawan T.L., Khan O., Lincoln R.R., Swerdlin A., Mignot 
E., Lin L., et al. // Am. J. Hum. Genet. 2004.  V. 74. № 1. 
P. 160–167.

28. Hollenbach J.A., Oksenberg J.R. // J. Autoimmun. 2015. 
V. 64. P. 13–25.

29. Hensiek A.E., Sawcer S.J., Feakes R., Deans J., Mander A., 
Akesson E., Roxburgh R., Coraddu F., Smith S., Compston 
D.A. // J. Neurol. Neurosurg. Psychiatry. 2002. V. 72. № 2. 
P. 184–187.

30. Ramagopalan S.V., Morris A.P., Dyment D.A., Herrera 
B.M., DeLuca G.C., Lincoln M.R., Orton S.M., Chao M.J., 
Sadovnick A.D., Ebers G.C. // PLoS Genet. 2007. V. 3. № 9. 
P. 1607–1613.

31. Yoshimura S., Isobe N., Yonekawa T., Matsushita T., 
Masaki K., Sato S., Kawano Y., Yamamoto K., Kira J., 
South Japan Multiple Sclerosis Genetics C. // PLoS One. 
2012.  V. 7. № 11. P. e48592.

32. Cocco E., Murru R., Costa G., Kumar A., Pieroni E., Melis 
C., Barberini L., Sardu C., Lorefice L., Fenu G., et al. // 
PLoS One. 2013. V. 8. № 4. P. e59790.

33. Karni A., Kohn Y., Safirman C., Abramsky O., Barcellos 
L., Oksenberg J.R., Kahana E., Karussis D., Chapman J., 
Brautbar C. // Mult. Scler. 1999. V. 5. № 6. P. 410–415.

34. Barcellos L.F., Sawcer S., Ramsay P.P., Baranzini S.E., 
Thomson G., Briggs F., Cree B.C., Begovich A.B., Villoslada 
P., Montalban X., et al. // Hum. Mol. Genet. 2006. V. 15 № 18. 
P. 2813–2824.

35. Zhang Q., Lin C.Y., Dong Q., Wang J., Wang W. // Autoim-
mun. Rev. 2011. V. 10. № 8. P. 474–481.

36. Dyment D.A., Herrera B.M., Cader M.Z., Willer C.J., 
Lincoln M.R., Sadovnick A.D., Risch N., Ebers G.C. // Hum. 
Mol. Genet. 2005. V. 14. № 14. P. 2019–2026.

37. Isobe N., Gourraud P.A., Harbo H.F., Caillier S.J., Santan-
iello A., Khankhanian P., Maiers M., Spellman S., Cereb N., 
Yang S., et al. // Neurology. 2013. V. 81. № 3. P. 219–227.



12 | ACTA NATURAE |   VOL. 11  № 4 (43)  2019

REVIEWS

38. Ramagopalan S.V., Byrnes J.K., Dyment D.A., Guimond C., 
Handunnetthi L., Disanto G., Yee I.M., Ebers G.C., Sadovnick 
A.D. // J. Hum. Genet. 2009. V. 54. № 9. P. 547–579.

39. Sospedra M., Martin R. // Annu. Rev. Immunol. 2005. 
V. 23. P. 683–747.

40. Oksenberg J.R., Panzara M.A., Begovich A.B., Mitchell 
D.., Erlich H.A., Murray R.S., Shimonkevitz R., Sherritt 
M., Rothbard J., Bernard C.C., et al. // Nature. 1993. V. 362. 
№ 6415. P. 68–70.

41. Jones E.Y., Fugger L., Strominger J.L., Siebold C. // Nat. 
Rev. Immunol. 2006. V. 6. № 4. P. 271–282.

42. Krogsgaard M., Wucherpfennig K.W., Cannella B., 
Hansen B.E., Svejgaard A., Pyrdol J., Ditzel H., Raine C., 
Engberg J., Fugger L. // J. Exp. Med. 2000. V. 191. № 8. 
P. 1395–1412.

43. Madsen L.S., Andersson E.C., Jansson L., krogsgaard M., 
Andersen C.B., Engberg J., Strominger J.L., Svejgaard A., 
Hjorth J.P., Holmdahl R., et al. // Nat. Genet. 1999. V. 23. 
№ 3. P. 343–347.

44. Atkinson M.A., Eisenbarth G.S. // Lancet. 2001. V. 358. 
№ 9277. P. 221–229.

45. Nerup J., Platz P., Andersen O.O., Christy M., Lyngsoe J., 
Poulsen J.E., Ryder L.P., Nielsen L.S., Thomsen M., Sve-
jgaard A. // Lancet. 1974. V. 2. № 7885. P. 864–866.

46. Erlich H., Valdes A.M., Noble J., Carlson J.A., Varney M., 
Concannon P., Mychaleckyj J.C., Todd J.A., Bonella P., Fear 
A.L., et al. // Diabetes. 2008. V. 57. № 4. P. 1084–1092.

47. Todd J.A., Bell J.I., McDevitt H.O. // Nature. 1987. V. 329. 
№ 6140. P. 599–604.

48. Cucca F., Lampis R., Congia M., Angius E., Nutland S., 
Bain S.C., Barnett A.H., Todd J.A. // Hum. Mol. Genet. 2001. 
V. 10. № 19. P. 2025–2037.

49. Gibert M., Balandraud N., Touinssi M., Mercier P., 
Roudier J., Reviron D. // Hum. Immunol. 2003. V. 64. № 10. 
P. 930–935.

50. Stastny P. // N. Engl. J. Med. 1978.  V. 298. № 16. P. 869–871.

51. Wordsworth B.P., Lanchbury J.S., Sakkas L.I., Welsh K.I., 
Panayi G.S., Bell J.I. // Proc. Natl. Acad. Sci. USA. 1989. 
V. 86. № 24. P. 10049–10053.

52. de Vries N., Tijssen H., van Riel P.L., van de Putte L.B. // 
Arthritis Rheum. 2002. V. 46. № 4. P. 921–928.

53. van der Horst-Bruinsma I.E., Visser H., Hazes J.M., 
Breedveld F.C., Verduyn W., Schreuder G.M., de Vries R.R., 
Zanelli E. // Hum. Immunol. 1999.  V. 60. № 2. P. 152–158.

54. de Vries N., van Elderen C., Tijssen H., van Riel P.L., 
van de Putte L.B. // Arthritis Rheum. 1999. V. 42. № 8. 
P. 1621–1627.

55. Chen Q.Y., Huang W., She J.X., Baxter F., Volpe R., Ma-
claren N.K. // J. Clin. Endocrinol. Metab. 1999. V. 84. № 9. 
P. 3182–3186.

56. Tomer Y., Davies T.F. // Endocr. Rev. 2003. V. 24. № 5. 
P. 694–717.

57. Chelvanayagam G. // Hum. Immunol. 1997. V. 58. № 2. 
P. 61–69.

58. Okun M.L., Lin L., Pelin Z., Hong S., Mignot E. // Sleep. 
2002. V. 25. № 1. P. 27–35.

59. Matsuki K., Grumet F.C., Lin X., Gelb M., Guilleminault 
C., Dement W.C., Mignot E. // Lancet. 1992. V. 339. № 8800. 
P. 1052.

60. Reading P.J. // J. Neurol. 2019. V. 266. № 7. P. 1809–1815.
61. Mignot E., Lin L., Rogers W., Honda Y., Qiu X., Lin X., 

Okun M., Hohjoh H., Miki T., Hsu S., et al. // Am. J. Hum. 
Genet. 2001. V. 68. № 3. P. 686–699.

62. Siebold C., Hansen B.E., Wyer J.R., Harlos K., Esnouf 
R.E., Svejgaard A., Bell J.I., Strominger J.L., Jones E.Y., 
Fugger L. // Proc. Natl. Acad. Sci. USA. 2004. V. 101. № 7. 
P. 1999–2004.

63. Stern L.J., Brown J.H., Jardetzky T.S., Gorga J.C., Urban 
R.G., Strominger J.L., Wiley D.C. // Nature. 1994. V. 368. 
№ 6468. P. 215–221.

64. Gianfrani C., Pisapia L., Picascia S., Strazzullo M., Del 
Pozzo G. // J. Autoimmun. 2018. V. 89. P. 1–10.


