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Abstract
Since the discovery of immunological tolerance, the role of genetic and environmental factors in the development 

of autoimmune diseases has been actively discussed. One such factor is an infection. Microorganisms are considered 
to be triggers of autoimmune diseases, but their role in disease development is not completely understood. Animal 
experiments conclusively demonstrate the effects of microorganisms and their antigens on autoimmune pathology. 
However, results of clinical studies performed on patients with autoimmune pathologies are rarely informative and often 
contradictory, because the pre-existing disease can mask the association between causative pathogens and autoimmune 
pathology, thus, making the interpretation of results difficult. This review summarizes key hypotheses, including 
hidden or cryptic antigens, antigen modification, presence of superantigens, epitope spectrum extension, molecular 
mimicry, adjuvant and non-specific effect, antigen complementarity, and idiotypic–anti-idiotypic interactions that 
have been proposed to explain the mechanism of autoimmune disease development due to infections. Additionally, the 
advantages and disadvantages of these hypotheses and their comparisons are discussed. In most cases, facts proving 
one hypothesis can be reconsidered in the favor of another one. A number of the early hypotheses need to be reviewed 
taking into account the modern understanding of innate and adaptive immunity. As additional data on the relationship 
between infection and autoimmunity is collected, new hypotheses can be developed integrating main claims of previous 
hypotheses and add new ones.
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REVIEWS

At the core of the pathogenesis of autoim-
mune diseases are two triggers–the breakdown 
of immunological tolerance and the develop-
ment of an immune response to intrinsic anti-
gens. According to the clonal selection theory 
proposed by F. M. Burnet in 1957, in the pro-
cess of ontogenesis, those clones of lympho-
cytes die, which carry an antigen-recognizing 
receptor capable of binding to autoimmune an-
tigens (negative selection). It was later sup-
plemented with hypotheses for the blockade 
of auto-reactive clones with the help of vari-
ous mechanisms, as a result of which they al-
most completely lose the ability to activate, but 
produce a small number of autoantibodies [1]. 
Normally, the number of such cells is small and 
does not affect the body adversely; however, 
if under certain conditions the clone starts to 
multiply, an autoimmune disease develops [2].

It is believed that auto-reactivity is part of 
the normal physiological process of the body 
to maintain homeostasis. Autoantibodies are 
involved in the processes of apoptosis, re-
generation, and elimination of cellular debris 
that occur after natural cell death or damage 
[3]. The fact that autoantibodies are present in 
small quantities in many healthy individuals 

indicates that their mere presence is not a sign 
of pathology. However, in genetically predis-
posed individuals, autoantibodies can lead to 
the onset of an autoimmune disease [4].

In addition to genetic factors, environmen-
tal factors, such as microorganisms and per-
sistent organic pollutants are now believed to 
play a significant role in the development of au-
toimmune pathology [2, 5]. The relationship 
between infection and autoimmunity is actively 
discussed [6–9], especially for pathogens, such 
as hepatitis B and C viruses [10, 11], herpes-
viruses [12, 13], Coxsackie B viruses [14–16], 
and Streptococcus pyogenes [17, 18]. Addition-
ally, pathogens, including human immunodefi-
ciency virus [19] and Helicobacter pylori can 
also induce an autoimmune pathology [20].

The role of opportunistic pathogens in auto-
immune disease development has been studied 
in detail [21]. Recent epidemiological studies 
investigated the relationship between infec-
tious diseases and 29 autoimmune diseases 
over a period of 25 years [22]. It is believed 
that microorganisms either trigger the auto-
immune response or enhance the pre-existing 
sub-threshold to a full-blown response [6–9, 
23]. However, there is no consensus on how the 



2 of 6

Reviews

infectious process leads to an autoimmune di
sease. Some of the well-known hypotheses are 
presented below.

Hidden or cryptic antigens: This is one 
of the oldest hypotheses. According to this 
hypothesis, during embryogenesis, a number 
of intrinsic antigens, such as those of the im-
munologically privileged organs, including 
thyroid follicles, testes, eyes, and brain are “se-
questered” or “invisible” to lymphocytes for 
their selection in the thymus. As a result, po-
tentially auto-reactive lymphocyte clones es-
cape from being removed or inactivated [2]. 
Although the heart is not classified as an im-
munologically privileged organ, intracellular 
proteins, such as cardiac myosin, actin, and 
troponin are also “invisible” to the immune 
system [23]. Cell lysis or extracellular tissue 
damage due to microbial proteases results in 
the destruction of histochemical barriers, and 
the release of hidden antigens, which activates 
the corresponding auto-reactive clone, eventu-
ally resulting in autoimmune disease.

However, it remains unexplained why tis-
sue damage leads to the production of autoan-
tibodies in some cases and not in others, and 
why the association between the presence of 
autoantibodies and the development of auto-
immune pathology is inconsistent. How does 
the autoantigen present itself in the immune 
system, what is the direct involvement of the 
pathogen in this process, and why autoimmune 
disease occurs only in a small percentage of 
infected people are some of the unanswered 
questions.

Epitope spread is considered as a compo-
nent of a physiological response of the immune 
system to infection. Upon the first contact with 
the microorganism, a dominant antigen (epi-
tope) is recognized by the immune system gen-
erating a specific T and B cell response. Upon 
the next contact, a second dominant epitope is 
recognized. With each subsequent contact with 
the same pathogen, newer epitopes are recog-
nized, thus, expanding the spectrum of T-lym-
phocytes and antibodies. 

This mechanism strengthens the adap-
tive immune response, allowing it to target the 
pathogen using different antibodies in the event 
that one of the antigens on the pathogen cell 
surface undergoes a mutation. However, the 
presence of a greater number of antibodies in-
creases the risk of potential cross-reactivity of 
one of these antibodies to intrinsic or self-anti-
gens, resulting in an autoimmune disease. This 
is especially true for persistent infections ac-
companied by prolonged tissue damage and 

release of self-antigens, which leads to the de-
velopment of an immune response against a 
large number of intrinsic epitopes. Over time, 
either new epitopes of the same protein or other 
proteins are involved in the process [24].

This hypothesis is confirmed by a number 
of experimental models [25, 26]. Clinical mani-
festations of autoimmune diseases usually arise 
only when several kinds of autoantibodies are 
generated against the target organ.

Modification of antigens: By contrast to 
the previous hypotheses, the modified anti-
gen theory proposes that pathogens can modi-
fy their own antigens to resemble autoantigens, 
causing the immune system to perceive itself 
as an alien. This induces the production of an-
tibodies and cytotoxic lymphocytes that target 
both modified as well as true autoantigens, po-
tentially resulting in autoimmune disease [27].

Recently, microorganisms have been shown 
to cause epigenomic changes in the host. For 
example, pathogenic bacteria can disrupt the 
methylation pattern of the host Toll-like recep-
tor 4 (TLR4) [28]. The consequence of DNA 
hypomethylation is an increase in the expres-
sion of many genes, including those encoding 
pro-inflammatory cytokines, growth factors 
of T cells, and adhesion molecules, which can 
facilitate the transformation of normal anti-
gen-specific T-lymphocytes into auto-reactive 
cytotoxic cells. DNA methylation is highly re-
duced in CD4+ lymphocytes in rheumatoid 
arthritis and systemic lupus erythematosus pa-
tients [29, 30].

Molecular mimicry: In the 1960s, K. Da-
mian suggested that microorganisms could es-
cape immunological surveillance, as their cell 
surface proteins (antigens) are similar in struc-
ture to those of the host cells. It was later dis-
covered that when the microorganisms mimic 
the host cellular proteins sufficiently, the anti-
bodies and T-lymphocytes cross-react with the 
host cells, causing tissue damage, triggering an 
autoimmune response. Thus, a hypothesis was 
formulated that the presence of cross-reactivity 
between the microbial antigens and intrinsic anti-
gens leads to a breakdown of immunological tol-
erance and induce an autoimmune disease [31].

The basis of this phenomenon is the pre
sence of the T-cell antigen-recognizing receptor 
(TCRR) capable of recognizing both self and 
microbial epitopes [32]. Once the antigen-pre-
senting cell (APC) presents the pathogen-like 
epitopes to the T-lymphocyte, an immune re-
sponse develops, which results in damage to 
intrinsic tissues either directly via cell lysis or 
indirectly through the activation of tissue mac-
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rophages by cytokines and chemokines. The in-
trinsic antigens released in it become available 
for the APCs, which present it to the cross-
reacting T-lymphocytes. This supports an ac-
tive immune response even after elimination of 
the pathogen and becomes the basis for the de-
velopment of autoimmune pathology.

Subsequently, the mechanism of cross-
reactivity started to be associated with the 
presence of T-lymphocytes that express two 
types of TCRRs, one of which recognizes mi-
crobial antigen while the other recognizes in-
trinsic antigen. Because the T-lymphocyte 
carrying the intrinsic antigen-specific TCRR 
has a low distribution density, it avoids nega
tive selection. When the T-lymphocyte car-
rying the microbial antigen-specific TCRR 
interacts with the pathogen, its clonal expan-
sion occurs, which is inevitably accompanied 
by activation of the auto-reactive receptor caus-
ing autoimmune disease [33].

Despite a vast number of experimental and 
clinical studies confirming the role of molecu-
lar mimicry in the development of autoimmune 
disease, this hypothesis has received severe 
criticism in recent decades [34, 35]. Although 
homology between amino acid sequences of 
pathogen epitopes and self-epitopes was con-
sidered as the basis of mimicry, protein con-
formation, which significantly affects protein 
function, was not considered. In addition, the 
phenomenon of molecular mimicry is much 
more common than autoimmune diseases. 
Moreover, animal models reveal that purified 
autoantigens mimicking pathogenic antigens 
cause autoimmune pathology only when ad-
ministered together with inactivated pathogens 
or their toxins, such as Freund’s adjuvant [31]. 
Thus, molecular mimicry does not support the 
development of autoimmune disease.

Anti-idiotype hypothesis: In 1974, 
N.K.  Erne formulated the idiotype—anti-
idiotypic interaction hypothesis, according 
to which, immunoglobulins and their recep-
tors have determinants possessing antigenic 
properties, referred to as an “idiotype.” Some 
lymphocytes are able to recognize idiotyp-
ic determinants and induce the synthesis of 
anti-idiotypic antibodies. As such, antibodies 
that cross-react to intrinsic immunoglobulins 
are found in the blood serum of both healthy 
and diseased individuals. The anti-idiotypic re-
sponse develops simultaneously with a regu-
lar immune response against the antigen and 
plays an important role in its regulation, i.e., 
the stimulation or inhibition of antibody bio-
synthesis in a feedback loop [2].

One of the mechanisms used by microor-
ganisms, especially viruses, to enter the host 
cell is by binding to its membrane receptor. 
Therefore, antibodies directed against the vi-
ral ligand that binds the host cell receptor also 
bind the host cell receptor to function as anti-
idiotypic autoantibodies. Thus, anti-idiotypic 
autoantibodies target the pathogen, as well as 
the intrinsic cells and tissues that the pathogen 
attacks, resulting in an autoimmune disease. 
For example, antibodies to Coxsackie virus B3 
act as idiotypic antibodies to actin while recog
nizing antibodies to cardio myosin as anti-
idiotypic [36].

However, this hypothesis does not answer 
a number of questions. For most autoimmune 
diseases, a specific cellular receptor that serves 
as a target for anti-idiotypic antibodies has not 
been defined. It is unclear why different auto-
antibodies are produced in autoimmune dis-
eases when the virus binds to only one type of 
a cellular receptor. Moreover, an experimen-
tal model of autoimmune myocarditis demon-
strated that anti-idiotypic antibodies suppress 
inflammatory response, which is inconsistent 
with this hypothesis [37].

Presence of superantigens: In the classical 
development of immune response, an antigen 
is recognized by the APC, processed, and pre-
sented to the CD4+ lymphocyte (T-helper) as 
a peptide together with the class II histocom-
patibility complex. This complex then binds to 
the TCRR, which activates the T-helper result-
ing in an adaptive immune response. Micro-
organisms usually possess superantigens that 
immediately activate a large number of T- and 
B-lymphocytes, irrespective of their antigen 
specificity. In this case, however, such an an-
tigen is not absorbed by the APC, and instead 
binds non-specifically to the variable part of 
the TCRR β-chain outside its antigen-binding 
site. This cross-links molecules of the main 
histocompatibility complex represented on the 
APC membrane and the TCRR [38], leading to 
the development of autoimmune disease in one 
of several possible ways [39]:

(1) Direct activation of pre-existing auto-
reactive T-lymphocytes;

(2) Activation of auto-reactive B-lympho-
cytes due to direct stimulation of the antigen 
recognizing the immunoglobulin receptor, fol-
lowed by polyclonal activation and synthesis of 
autoantibodies; or

(3) Activation of macrophages with subse-
quent production of pro-inflammatory cyto-
kines, superoxide anions, and other mediators 
of inflammation.
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The role of superantigens in the pathogen-
esis of systemic lupus erythematosus [40] and 
pemphigus [41] has been described.

Adjuvant or non-specific (bystander) ef-
fect: According to this hypothesis, microorga
nisms activate the receptors of innate immunity 
cells and/or induce the formation of pro-in-
flammatory cytokines and T-cell growth fac-
tors, which in turn activate and expand the 
pre-existing auto-reactive lymphocyte clones, 
resulting in autoimmune disease [42]. This hy-
pothesis partly resonates with the hypothesis of 
hidden or cryptic antigens. Both these hypo
theses suggest that tissue damage and cell 
death, which inevitably occur during an inflam-
matory response to a pathogen result in the re-
lease of intrinsic antigens, thus, making them 
available for the immune cells, including the 
auto-reactive cells. However, the development 
of a pathological reaction to the intrinsic anti-
gen depends on a second signal, which can arise 
due to non-specific activation of the APC in an 
inflammatory reaction. Thus, all cellular and 
humoral factors associated with a local inflam-
matory response to a pathogen promote the de-
velopment of autoimmune reactions similar to 
the domino effect. This mechanism is most of-
ten associated with persistent viral infections, 
especially the human herpes virus type 4 [43].

This hypothesis explains the need for the 
introduction of adjuvants in experimental mod-
els of autoimmune diseases. Adjuvants, such as 
pertussin, stimulate TLR4, and inflammasomes 
[44], which in turn activate Th1 and Th17 lym-
phocytes that are highly important for the de-
velopment of autoimmune pathology [45]. 
Perhaps the simultaneous activation of recep-
tors of innate immunity and self-antigens by 
microorganisms induces a synergistic effect, 
leading to the breakdown of immunological 
tolerance and, consequently, the development 
of autoimmune pathology.

Antigenic complementarity: This hy-
pothesis combines the main provisions of the 
hypotheses of molecular mimicry and idio-
type–anti-idiotypic interactions. According 
to this hypothesis, a specific combination of 
microbial peptides triggers an autoimmune 
disease, if at least one of the peptides is si
milar to the intrinsic antigens. In response to 
the formation of primary antibodies directed 
against the peptides, anti-idiotypic antibodies 
are produced. As a result, the immune system 
ceases to distinguish between “intrinsic” and 
“foreign,” resulting in the production of auto-
antibodies and development of autoimmune pa-
thology [46].

This hypothesis, unlike the previous one, 
explains the adjuvant effect not by the action of 
non-specific inflammatory factors, but by the 
molecular complementarity between the anti-
gen and the adjuvant. In the antigen–adjuvant 
pair, both molecules act as adjuvants to one 
another, which enhance the immune response 
for each component. Such hyperactivation 
leads to a complex deregulation of immune in-
teractions, resulting in autoimmune disease. If 
the adjuvant is not complementary to the anti-
gen, autoimmune disease does not develop, de-
spite the development of an immune response.

Conclusion
None of the current hypotheses provides 
a comprehensive analysis for the etiopathoge
nesis of autoimmune disorders, and the role 
of infection in their development. Numerous 
experimental and clinical studies, and math-
ematical modeling, demonstrate that each hy-
pothesis is at least partially viable. However, 
in most cases, data supporting one of the hy-
potheses can be revised in favor of the other. 
Although all hypotheses recognize the role of 
microorganisms as a trigger in the development 
of autoimmune pathology, the interaction be-
tween infection and target tissue is interpreted 
differently.

Some of the hypotheses (hidden antigens, 
bystander effect, and expansion of the spec-
trum of epitopes) focus on changes in the im-
mune response due to microorganism-induced 
inflammation, while other hypotheses (mole
cular mimicry and antigenic complementarity) 
emphasize the antigen specificity of the patho-
gen and the host. The antigenic complemen-
tarity hypothesis recognizes the importance of 
a second, either non-specific or specific signal 
for the establishment of autoimmune disease.

Although many early hypotheses empha-
size the role of adaptive immunity in disease 
development, the evidence supporting the fun-
damental role of innate immunity in the de-
velopment of an adaptive immune response is 
unquestionable. Thus, these hypotheses need to 
be revised. With new data accumulating on the 
relationship between infection and autoimmu-
nity, we can expect the emergence of new hy-
potheses that modify the basic postulates of the 
previous ones based on new data.
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5 of 6

Kazan medical journal 2017, vol. 98, no. 4

REFERENCES

1. Walker  L.S., Abbas  A.K. The enemy within: 
keeping self-reactive T-cells at bay in the periphery. Nat. 
Rev. Immunol. 2002; 2 (1): 11–19. DOI: 10.1038/nri701.

2. Yarilin A.A. Osnovy immunologii. Uchebnik. (Im-
munology. Textbook.) Moscow: Medicina. 1999;  608  p. 
(In Russ.)

3. Poletaev  A.B. Immunofiziologija i immunopa-
tologija. (Immunophysiology and immunopathology.) 
Moscow: Medical Information Agency. 2008; 208  p. 
(In Russ.)

4. Shoenfield  Y., Blank  M., Abu-Shskra  M. et al. 
The mosaic of autoimmunity: prediction, autoantibod-
ies and therapy in autoimmune diseases — 2008. IMAJ. 
2008; 10: 13–19.

5. Selgrade  M.K., Cooper  G.S., Germolec  D.R., 
Heindel  J.J. Linking environmental agents and autoim-
mune disease: an agenda for future research. Environ. 
Health Perspect. 1999; 107  (Suppl.  5): 811–813. DOI: 
10.1289/ehp.99107s5811.

6. Samarkos  M., Vaiopoulos  G. The role of infec-
tions in the pathogenesis of autoimmune disease. Curr. 
Drug. Targets Inflamm. Allergy. 2005; 4  (1): 99–103. 
DOI: 10.2174/1568010053622821.

7. Ercolini A.M., Miller S.D. The role of infection in 
autoimmune disease. Clin. Exp. Immunol. 2009; 155 (1): 
1–15. DOI: 10.1111/j.1365-2249.2008.03834.x.

8. Delogou L.G., Deidda S., Delitala G., Manetti R. 
Infectious diseases and autoimmunity. J. Infect. Dev. 
Ctries. 2011; 5 (10): 679–687. DOI: 10.3855/jidc.2061.

9. Sakkas L.I., Bogdanos D.P. Infections as a cause 
of autoimmune rheumatic diseases. Auto. Immune. High-
lights. 2016; 7 (1): 13. DOI: 10.1007/s13317-016-0086-x.

10. Vergani D., Mieli-Vergani G. Autoimmune man-
ifestations in viral hepatitis. Semin. Immunopathol. 
2013; 35 (1): 73–85. DOI: 10.1007/s00281-012-0328-6.

11. Narciso-Schavion J.L., Schavion L. de L. Auto-
antibodies in chronic hepatitis C: a clinical perspective. 
World J. Hepatol. 2015; 7 (8): 1074–1085. DOI: 10.4254/
wjh.v7.i8.1074.

12. Postnett D.N. Herpesviruses and autoimmunity. 
Curr. Opin. Investig. Drugs. 2008; 9 (5): 505–514.

13. Dittfeld  A., Gwizdek  K., Michalski  M., Wo-
jnicz  R. A possible link between the Epstein–Barr in-
fection and autoimmune thyroid disorders. Cent. 
Eur. Immunol. 2016; 41  (3): 297–301. DOI: 10.5114/
ceji.2016.63130.

14. Whitton  J.L., Feuer  R. Myocarditis, microbes 
and autoimmunity. Autoimmunity. 2004; 37  (5): 375–
386. DOI: 10.1080/08916930410001713089.

15. Pankuweit  S., Klingel  K. Viral myocarditis: 
from experimental models to molecular diagnosis in 
patients. Heart Fail. Rev. 2013; 18  (6): 683–702. DOI: 
10.1007/s 1074-012-9357-4.

16. Massilamany  C., Gangaplara  A., Reddy  J. In-
tricacies of cardiac damage in Coxsackievirus  B3 in-
fection: implications for therapy. Int. J. Cardiol. 2014; 
177 (2): 330–339. DOI: 10.1016/j.ijcard.2014.09.136.

17. Cunningham  M.W. Streptococcus and rheuma
tic fever. Curr. Opin. Rheumatol. 2012; 24 (4): 408–416. 
DOI: 10.1097/BOR.0b013e32835461d3.

18. Chakravarty  S.D., Zabriskie  J.B., Gibofsky  A. 
Acute rheumatic fever and streptococci: the quintessen-
tial pathogenic trigger of autoimmunity. Clin. Rheumatol. 
2014; 33 (7): 893–901. DOI: 10.1007/s 10067-014-2698-8.

19. Roszkiewicz  J., Smolewska  E. Kaleidoscope of 
autoimmune diseases in HIV infection. Rheumatol. Int. 
2016; 36 (11): 1481–1491. DOI: 10.1007/s00296-016-3555-7.

20. Smyk D.S., Koutsoumpas A.L., Mitilinaiou M.G. 
et al. Helicobacter pylori and autoimmune disease: 
cause or bystander. World J. Gastroenterol. 2014; 20 (3): 
613–629. DOI: 10.3748/wjg.v20.i3.613.

21. Gul’neva M.Yu., Noskov S.M., Malafeeva E.V. Op-
portunistic microorganisms in rheumatic diseases. Nauch-
no-practicheskaya revmatologiya. 2016; 54  (1): 100–104. 
(In Russ.) DOI: 10.14412/1995-4484-2016-100-104.

22. Nielsen  P.R., Kragstrup  T.W., Deleuran  B.W., 
Benrose M.E. Infections as risk factor for autoimmune 
disease — A nationalwide studi. J. Autoimmun. 2016; 74: 
176–181. DOI: 10.1016/j.jaut.2016.05.013.

23. Root-Bernstein  R., Fairweather  D. Complexi-
ties in the relationship between infection and autoimmu-
nity. Curr. Allergy Asthma Rep. 2014; 14 (1): 407. DOI: 
10.1007/s11882-013-0407-3.

24. Vanderlught C.L., Miller S.D. Epitope spreading 
in immune-mediated diseases:implications for autoim-
munity. Natura Rev. Immunol. 2002; 2 (2): 85–95. DOI: 
10.1038/nri724.

25. Miller  S.D., Katz-Levy  Y., Neville  K.L., Vander-
lught C.L. Virus-induced autoimmunity: epitope spreading 
to myelin autoepitopes in Theiler’s virus infection of the 
central nervous system. Adv. Virus Res. 2001; 56: 199–217.

26. Matsumoto  Y., Park  I.K., Kohyama  K. B-cell 
epitope spreading is a critical step for the switch from 
C-protein induced myocarditits to dilated cardiomyo
pathy. Am. J. Pathol. 2007; 170 (1): 43–51. DOI: 10.2353/ 
ajpath.2007.060544.

27. Opdenakker G., Proost P., Van Damme J. Micro-
biomic and posttranslational modifications as preludes 
to autoimmune diseases. Trends Mol. Med. 2016; 22 (9): 
746–757. DOI: 10.1016/j.molmed.2016.07.002.

28. Takahashi  K. Influence of bacteria on epi-
genetic gene control. Cell. Mol. Life Sci. 2014; 71  (6): 
1045–1054. DOI: 10.1007/s00018-013-1487-x.

29. Costenbader  K.H., Gay  S., Alarcón-Riquel
me  M.E. et al. Genes, epigenetic regulation and envi
romental factors: which is the most relevant in develo
ping autoimmune diseases? Autoimmun. Rev. 2012; 
11 (8): 604–609. DOI: 10.1016/j.autrev.2011.10.022.

30. Somers E.C., Richardson B.C. Environmental ex-
posures, epigenetic changes and the risk of lupus. Lupus. 
2014; 23 (6): 568–576. DOI: 10.1177/0961203313499419.

31. Lawson  C.M. Evidence for mimicry by vi-
ral agents in animal models of autoimmune disease in-
cluding myocarditis. Cell. Moll. Life Sci. 2000; 57  (4): 
552–560. DOI: 10.1007/PL00000717.

32. Wucherphenning  K.W. Mechanisms for the in-
duction of autoimmunity by infectious agents. J. Clin. 
Invest. 2001; 108 (8): 1097–1104. DOI: 10.1172/JCI14235.

33. Cusick  M.F., Libbey  J.E., Fujinami  R.S. Mole
cular mimicry as a mechanism of autoimmune disease. 
Clin. Rev. Allerg. Immunol. 2012; 42: 102–111. DOI: 
10.1007/s 12016-011-8294-7.

34. Rose  N.R., Mackay  I.R. Molecular mimicry: 
a critical look at exemplary instances in human diseases. 
Cell. Mol. Life Sci. 2001; 57 (4): 542–551. DOI: 10.1007/
PL00000716.

35. Fujinami  R.S., von Herrath  M.G., Christen  U., 
Whitton  J.L. Molecular mimicry, bystander activation, 
or viral persistence: infections and autoimnune disease. 
Clin. Microbiol. Rev. 2006; 19 (1): 80–94. DOI: 10.1128/
CMR.19.1.80-94.2006.

36. Plotz P.H. Autuantibodies are anti-idiotype anti-
bodies to antiviral antibodies. Lancet. 1983; 322 (8354): 
824–826.

37. Weremeichik  H., Moraska  A., Herzum  M. 
et  al. Naturally occurring anti-idiotypic antibodies  — 



6 of 6

Reviews

mechanisms for autoimmunity and immunoregulation? 
Eur. Heart J. 1991; 12 (Suppl. D): 154–157.

38. Sundberg  E.J., Deng  L., Mariuzza  R.A. TCR 
recognition of peptide/MHC class II complexes and su-
perantigens. Semin. Immunol. 2007; 19  (4): 262–271. 
DOI: 10.1016/i.s.mim.2007.04.006.

39. Getts  D.R., Chastain  E.M., Terry  R.L., Mil
ler  S.D. Virus infection, antiviral immunity, and auto-
immunity. Immunol. Rev. 2013; 255  (1): 197–209. DOI: 
10.1111/imr.12091.

40. Dar S.A., Janahi E.M., Haque S. et al. Superanti
genes influence in conjunction with cytokine poly-
morphism potentiates autoimmunity in systemic lu-
pus erythematosus patients. Immunol. Res. 2016; 64 (4): 
1001–1012. DOI: 10.1007/s12026-015-8768-4.

41. Dar  S.A., Das  S., Bhattacharya  S.N. et al. Pos-
sible role of superantigens in inducing autoimmunity in 
pemphigus patients. J. Dermatol. 2011; 38 (10): 980–987. 
DOI: 10.1111/j.1346-8138.2011.01253.x.

42. Mills  K.H.G. TLR-dependent T-cell activa-
tion in autoimmunity. Nat. Rev. Immunol. 2011; 11 (12): 
807–822. DOI: 10.1038/nri3095.

43. Owens G.P., Benett J.L Trigger, pathogen, or by-
stander: the complex nexus linking Epstain–Barr virus 
and multiple sclerosis. Multiple Sclerosis J. 2012; 18 (9): 
1204–1208. DOI: 10.1177/1352458512448109.

44. Masters  S.L. Specific inflammosomes in com-
plex diseases. Clin. Immunol. 2013; 147  (3): 223–228. 
DOI: 10.1016/j.clim.2012.12.006.

45. Kleinewietfeld M., Hafler D.A. The plasticity of 
human Treg and Th17 cells and its role in autoimmuni-
ty. Semin. Immunol. 2013; 25 (4): 305–312. DOI: 10.1016/ 
j.smim.2013.10.009.

46. Pendegraft  W.F., Badhwar  A.K., Preston  G.A. 
Autoantigen complementarity and its contributions to 
hallmarks of autoimmune disease. J. Theor. Biol. 2015; 
375: 88–94. DOI: 10.1016/j.jtbi.2014.12.006.


