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Abstract

Many theories of autoimmune disease have been proposed since the discovery that the immune 

system can attack the body. These theories include the hidden or cryptic antigen theory, modified 

antigen theory, T cell bypass, T cell-B cell mismatch, epitope spread or drift, the bystander effect, 

molecular mimicry, anti-idiotype theory, antigenic complementarity, and dual-affinity T cell 

receptors. We critically review these theories and relevant mathematical models as they apply to 

autoimmune myocarditis. All theories share the common assumption that autoimmune diseases are 

triggered by environmental factors such as infections or chemical exposure. Most, but not all, 

theories and mathematical models are unifactorial assuming single-agent causation of disease. 

Experimental and clinical evidence and mathematical models exist to support some aspects of 

most theories, but evidence/models that support one theory almost invariably supports other 

theories as well. More importantly, every theory (and every model) lacks the ability to account for 

some key autoimmune disease phenomena such as the fundamental roles of innate immunity, sex 

differences in disease susceptibility, the necessity for adjuvants in experimental animal models, 

and the often paradoxical effect of exposure timing and dose on disease induction. We argue that a 

more comprehensive and integrated theory of autoimmunity associated with new mathematical 

models is needed and suggest specific experimental and clinical tests for each major theory that 

might help to clarify how they relate to clinical disease and reveal how theories are related.
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1.1 Introduction

In this review we have four primary goals. One is to test the adequacy of autoimmune 

theories that were largely derived in animal models to describe clinical disease (Table 1). 

Secondly, we examine the mathematical models that have been developed for each major 

theory of autoimmunity. Third, we argue that there is a need for more integration across 

theories, across mathematical models, and between theories and mathematical models, 

particularly in light of our more recent understanding of the importance of innate immunity 

in the development of autoimmune disease. And our final goal is to highlight problems with 

individual theories and mathematical models that may lead to the development of novel or 

hybrid theories of greater explanatory and predictive power. In an ideal world, a good theory 

of autoimmunity combined with insightful modeling should lead to new and better 

approaches to effective translational research.

In order to achieve our goals in a relatively short review article such as this one we have 

imposed three constraints on our content. The first is to limit our discussion of autoimmune 

theories to myocarditis. Myocarditis is clinically and experimentally well-characterized, and 

most of the major theories of autoimmunity have been tested using it making it well suited 

to our purpose. The second constraint is to limit our discussion to data that represent critical 

tests of assumptions that underpin specific theories or that can differentiate between 

theories. We will not, therefore, make any attempt at completeness, nor does this seem 

necessary in light of the many previous reviews on the topic. The third constraint is to focus 

these critical tests of theories to points that have potential clinical relevance or future 

treatment implications for myocarditis patients. Because all of the theories that are used to 

direct research on myocarditis and to explain the resulting data are also used to understand 

other autoimmune diseases, we are reasonably confident that the general conclusions that we 

reach in this review will be applicable to a much wider range of experimental and clinical 

autoimmune diseases.

It is important to note from the onset that for most theories described here there is a 

significant body of literature substantiating its case and in some cases mathematical models 

to explore its mechanisms. However, data “proving” each theory are open to different 

interpretations according to at least two, and often more, theories of autoimmunity and their 

mathematical models. Although it would be convenient to have a “crucial experiment” that 

clearly “proves” one theory or model correct and all the rest wrong, such is not the case. 

Theories are, in reality, built on systems of experimental studies and models assume the 

validity of the theories they mathematize. The value of a theory is based on three 

fundamental functions: one is to connect the most data in the most meaningful way; the 

second, to do so with the fewest assumptions; and the third, to predict connections (and 

therefore testable phenomena) that have yet to be observed. Good mathematical models 

facilitate these three functions. Thus, the value of a theory (and its mathematical and animal 

models) is not found in whether there are data that support it, but rather how much data have 

accumulated for which it cannot account and how many predictions it makes that cannot be 

validated. Because these are the most important aspects of theory evaluation, we have 

focused our review on what each theory has not accomplished and the data and predictions 

each makes that differentiate it from other theories. In this sense, our review is not about 
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what we know regarding autoimmunity, but rather about the problematic aspects that reveal 

what we do not know.

1.2 Myocarditis

Before discussing theories, a brief summary of clinical and experimental models of 

myocarditis is needed. Clinically, myocarditis is defined as inflammation of the myocardium 

and is a relatively rare autoimmune disease. Myocarditis is also frequently associated with 

inflammation of the pericardium, a single cell layer on the outside of the heart, and termed 

perimyocarditis or myopericarditis [1]. No formal epidemiology studies exist on the 

incidence of myocarditis, but based on autopsy records myocarditis occurs in approximately 

10% of cases of sudden death [2]. However, it is thought that myocarditis is likely to occur 

asymptomatically in a larger percentage of individuals [1]. This is at least partly because so 

many different environmental agents, and particularly infections, are known to be able to 

cause myocarditis like viruses, bacteria, parasites, and drugs [3, 4]. Myocarditis is a leading 

cause of sudden death in individuals under age 40 [5] and may lead to dilated 

cardiomyopathy (DCM) and chronic heart failure predominantly in men (women with 

myocarditis are far more likely to recover without progressing to DCM) [3, 6].

Myocarditis can be induced experimentally in mice using infections such as coxsackievirus 

B3 (CVB3), murine cytomegalovirus (MCMV), encephalomyocarditis virus (EMCV), 

reovirus, influenza virus, parvovirus, and the parasite Trypanosuma cruzi (modeling Chagas 

disease) or adjuvants (i.e., complete Freund’s adjuvant/CFA supplemented with inactivated 

Mycobacterium tuberculosis and/or pertussis toxin) with self-peptide (usually cardiac 

myosin) [7–9, reviewed in 10]. Myocarditis induced by adjuvant and self peptide is termed 

experimental autoimmune myocarditis (EAM). Interestingly, the time-course of disease 

progression from myocarditis to DCM is similar between animal models and human disease. 

Regardless of the agent used to induce myocarditis, the primary infiltrate during the acute 

stage of disease in patients and mice are macrophages (about 80% of infiltrate) followed by 

T and B cells (around 10–15% of the infiltrate) [11–13]. Autoimmune diseases have 

historically been considered as T and B cell-mediated diseases, but more recently the 

importance of innate cells like macrophages is being understood. For example, T cells have 

been considered to be the primary cells mediating damage in the classic autoimmune disease 

model experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple 

sclerosis, but a new understanding of the importance of resident brain macrophages, termed 

microglia, is beginning to be appreciated [14].

The severity of inflammation during acute and chronic myocarditis and the progression to 

DCM is more severe in male mice with myocarditis, similar to myocarditis patients [6, 12, 

15, 16]. Macrophages and mast cells, which are elevated in males, play a central role in 

driving the cardiac fibrosis that leads to DCM and chronic heart failure [12, 15]. 

Autoantibodies (autoAbs) against cardiac myosin are present in myocarditis and DCM 

patients and experimental models where they can contribute to cardiomyopathy [17–19]. In 

animal models, AutoAbs to cardiac myosin arise during acute myocarditis and are thought to 

contribute to chronic pathology by deposition of immune complexes (ICs) on/in the heart 

[17, 18].
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1.3 Innate vs. Adaptive Immunity

Before discussing theories it is also important to emphasize the role of innate immunity in 

the pathogenesis of autoimmune disease. Many of the theories that we will be discussing 

focus on the role of an antigen-specific adaptive immune response in the development of 

autoimmune disease. But it is important to realize that many of these theories were devised 

before the realization of the essential role the innate immune response plays in the 

development of adaptive immunity; an understanding that began quite recently around 2000 

[17, 20]. Now we know that the innate response “specifically” directs the adaptive immune 

response, not with antigen/epitope specificity but it directs the type of immune response 

(i.e., T helper (Th)1 vs. Th2) based on innate receptor activation such as Toll-like receptors 

(TLRs) and the inflammasome. Recent examination of the initiation of immune responses in 

autoimmune disease animal models reveals that innate mechanisms like danger-associated 

molecular patterns (DAMPs) and TLRs strongly drive reactivity to self and determine the 

type of adaptive immune response (i.e., Th1, Th2) [21–26]. However, most review articles 

and manuscripts discussing possible theories of autoimmunity do not reinterpret theories in 

light of the new understanding for the role of innate immunity in the process (Table 2). This 

is critically needed. The focus of many investigators (and review articles) continues to be on 

either innate or adaptive immunity, rather than integrating both.

Another underlying assumption of many theories is that autoimmune disease results because 

of a “defect” in the adaptive (or innate) immune response (Table 2) [22, 27, 28]. 

Autoimmune disease was originally defined in this way because in the 1950s, when theories 

were first being proposed, it was believed that the immune response would not attack “self” 

[29]. However, we now realize that self-reactivity is part of the normal regeneration and 

healing process [30]. Cellular debris (i.e., damaged self) must be removed when cells are 

damaged or die of natural causes, and the innate immune system (especially macrophages) 

plays a central maintenance and healing role in this process. AutoAbs and ICs are also 

important in clearing damaged cells/self from the body by binding to receptors on 

macrophages. Thus, we need to realize that autoreactive T and B cells can mediate 

homeostasis and healing as well as disease, and are not necessarily “defective”.

We now also have a new understanding of the role “adjuvant” plays in experimental models 

of autoimmune disease. Historically, the oil component of adjuvant was thought to provide a 

“depot” of antigen for antigen presentation, and the Mycobacterium and/or pertussis 

component thought to nonspecifically stimulate the immune response and allow vascular 

access to the injection site. Recent evidence indicates that many adjuvants, such as 

Mycobacterium, aluminum hydroxide (Alum) and Pertussis toxin, used to induce 

autoimmune disease in animal models stimulate specific TLRs and the inflammasome [31–

33]. This means that the adjuvant does not just provide a “non-specific” stimulus to the 

immune system as previously thought (Table 2). This also explains why incomplete 

Freund’s adjuvant (IFA), without Mycobacterium, is not able to induce autoimmune disease 

in animal models [31]. Additionally, adjuvant and self peptide must be administered at the 

same time (i.e., day 0) or autoimmune disease does not develop [8], further indicating the 

important role the adjuvant plays in driving the innate immune response to self peptide. 

Many discussions on theories of autoimmunity continue to “ignore” the role the adjuvant 
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plays in driving disease and focus only on the self peptide. We need to revise our theories 

based on this new understanding of the essential role of the innate immune system in driving 

disease.

We desperately need mathematical models that integrate the innate immune system into 

considerations of autoimmune disease as well. We have found only one paper that 

investigates mathematically the possible role of innate immunity in conjunction with 

adaptive immunity in the induction of autoimmune disease. Most mathematical models of 

autoimmunity assume that two key factors of the adaptive immune response control the 

outcome of responses to autoantigens, effector T cells and regulatory T cells (Treg). Segal 

and Bar-Or developed a model of autoimmunity that dispenses with Treg and incorporates 

instead the influence of cytokines [34]. The model suggests that cytokine levels are critical 

determinants of whether any particular immunological trigger results in a Th1 or Th2 

response and, in turn, whether autoimmunity ensues. The model further proposes that 

cytokines are components of immunological memory and that their manipulation can 

prevent or treat certain autoimmune diseases like acute myocarditis. In addition, the model 

makes the unique prediction that presenting an auto-immunogenic trigger under cytokine 

conditions that favor a Th2 response can prevent autoimmune disease. This modeling 

approach begins to incorporate the concept of innate immune influence (e.g., innate 

cytokines) over adaptive immunity and ideas like this merit significant development in the 

future.

1.4 Theories

If evidence of our ignorance concerning the causes of autoimmunity is needed, it should 

suffice to observe that at least a dozen different theories currently vie to explain the 

phenomena. Of these, we will address the following theories: 1) hidden or cryptic antigen 

theory; 2) epitope spread or drift; 3) anti-idiotype theory; 4) molecular mimicry; 5) the 

bystander or adjuvant effect; 6) dual-affinity T cell receptors (TCR); 7) antigenic 

complementarity theory; and 8) co-infections or co-exposures (Table 1). All of these 

theories have the common assumption that while there is undoubtedly a genetic 

predisposition to autoimmune disease [35–37], predisposition requires environmental 

triggers [38, 39]. We will focus on the role different autoimmune theories propose for 

environmental agents, and infections in particular, in triggering autoimmunity. We will not 

address autoimmune theories that attribute autoimmunity to altered or modified antigens, 

processes such as T cell bypass, or T cell-B cell discordance. These theories have very little 

evidence to support them and few clear clinical implications.

We have chosen to address some experimental and clinical variables separately from the 

individual theories of autoimmunity, especially epidemiology, sex differences in 

susceptibility to disease, the role of innate immunity, and how the timing of exposure affects 

the immune response. Experimental investigation of these four factors appear to us to be 

capable of providing clear tests to distinguish between theories, to expose fundamental gaps 

that may require elaboration of new theories, and to provide novel clinical and therapeutic 

opportunities.
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Finally, we distinguish between autoimmunity, a natural production of antibody and T/B cell 

responses to self antigens as part of immune surveillance, and autoimmune disease, which is 

the production of self-reactive antibodies and T/B cells that result in abnormal cell and 

tissue destruction leading to chronic inflammation.

1.4.1 Hidden Antigen Theory (HAT)

The hidden or cryptic antigen theory (HAT) is the oldest theory regarding the origins of 

autoimmune disease, and dates to the discovery of autoimmune disease itself at the end of 

the nineteenth century [29]. According to HAT, some self antigens are “cryptic” or 

“sequestered” and therefore not “seen” by the innate immune system. Because such self 

antigens are “hidden”, potentially autoreactive T and B cell clones against them are not 

deleted or tolerized. In most cases, such “hidden” antigens are expressed within 

immunologically privileged tissues or organs such as the testes, eyes and brain. Tissue or 

organ damage that results in the release of hidden antigens is posited to result in the 

activation of autoreactive clones and the induction of autoimmune disease (Figure 1) [40, 

41].

There are a number of considerations regarding HAT and the development of myocarditis. 

The heart is not an immunologically privileged site, but the specific targets of autoimmune 

myocarditis are generally thought to be intracellular proteins, including cardiac myosin, 

actin and troponin, which are not usually “seen” by the immune system. However, some 

strains of mice express cardiac myosin in the matrix and experimental myocarditis can be 

induced with transfer of autoAbs that form ICs in the heart [41]. This data suggest that if 

autoAbs against hidden antigens are present and the antigens are made available, possibly 

through physical, infectious or chemical damage to the heart [42–45], then autoimmune 

disease could develop. Evidence that cardiac myosin and troponins are primary targets of the 

immune response comes from the ability of these proteins to induce myocarditis if 

administered with an adjuvant like CFA in mice [8, 46]. AutoAbs against all of these major 

cardiac antigens are found during myocarditis [44]. Additionally, troponin I is used as a 

clinical biomarker for cardiovascular damage during myocardial infarction, myocarditis, and 

DCM [47, 48], indicating that troponin I is released systemically during acute myocarditis. 

However, there is a problem of “timing”. AutoAbs appear in viral models of myocarditis at 

the same time as damaged cardiac tissue is being released due to peak viral replication. [17, 

44].

Another unresolved question when evaluating evidence for or against HAT is that most 

“healthy” people have low levels of cardiac autoAbs. Cardiac infarction, heart surgery, and 

cardiac transplantation result in the production of actin and cardiac myosin autoAbs that 

correlate with the risk of acute cardiac transplant rejection [49]. Data from cardiac trauma 

patients suggest that factors other than the mere presence of autoAbs against cardiac 

antigens are needed for the development of myocarditis. If release of self antigen was 

sufficient to induce autoimmune disease on its own, as the HAT theory suggests, then 

administration of damaged self tissue alone should be able to cause autoimmune disease in 

animal models. However, this is not the case. Administration of damaged self tissue, 
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antigens and/or peptides always requires adjuvants that contain inactivated microbes and/or 

toxins to initiate disease (Table 2).

In recent years it has been discovered that DAMPs like interleukin (IL)-33, heat shock 

proteins (HSPs), and high-mobility group box family (HMGB) proteins are released from 

tissues when they are damaged and stimulate the innate immune response [50]. IL-33 is 

present at high levels in cardiac tissue and has been shown to be able to induce pericarditis 

and heart failure when administered to mice on its own, without viral infection [51]. When 

IL-33 was administered with CVB3, mice developed severe myocarditis and rapidly 

progressed to DCM and heart failure [51]. In fact the model used in these experiments pairs 

a mild CVB3 infection with injection of damaged heart protein, rather than purified cardiac 

myosin [8]. This damaged heart includes proteins like IL-33, cardiac myosin and actin. We 

have found that this strain of CVB3 (Nancy strain) induces little or no inflammation in mice 

without the concurrent administration of damaged heart protein. Thus, experiments need to 

be conducted to determine the role of cardiac derived-DAMPs in the development of 

myocarditis in the presence of cardiac proteins and/or infection.

Cardiac damage may be caused by viral or bacterial infection. Notably, the degree of cardiac 

damage experienced in autoimmune rheumatic fever is not different than that experienced in 

scarlet fever, which does not result in chronic autoimmune heart disease [52]. Interestingly, 

in animal models it is possible to induce autoimmune heart disease without the use of active 

infection. Valvulitis (inflammation of the cardiac valves) can be induced with recombinant 

group A streptococci (GAS) M protein (the immunodominant protein of GAS) combined 

with CFA [8, 53]. Although valvulitis is considered to be a clinically distinct disease from 

myocarditis, these experiments suggest that damage to cardiac tissue resulting in release of 

self peptide may not need to be present for induction of autoimmune heart disease. To the 

contrary, these experiments suggest that the tissue destruction that occurred in this case was 

caused by the immune system itself.

Importantly, inactivated CVB3, M protein from GAS, or cardiac myosin in the absence of 

adjuvants are not capable of inducing autoimmune heart disease. Non-infectious antigens 

require “adjuvants” for the development of autoimmune disease. The requirement for 

adjuvants to induce autoimmune disease in animal models is badly in need of explanation by 

HAT and many other theories, which often overlook the requirement for adjuvants when 

describing their theories (Table 2). Thus, HAT is unlikely to explain the development of 

autoimmune disease on its own, but may work in combination with other theories.

One final drawback to the requirement for cryptic epitopes in clinical autoimmunity is how 

such epitopes can be generated in sufficient amounts to be immunogenic and how they can 

be loaded onto MHC molecules for antigen presentation. The fact that exogenously 

delivered cryptic epitopes of cardiac myosin in the form of syngeneic peptides can cause 

myocarditis in the presence of appropriate adjuvants [54] does not address how syngeneic 

peptides would be generated naturally. The classical explanation for cryptic epitope 

generation given by immunologists is that certain activation states might result in novel 

proteases being expressed that cleave self-proteins into unique peptide sets compared to 

standardly expressed proteases. It is possible that infectious agents that trigger autoimmune 

Root-Bernstein and Fairweather Page 7

J Theor Biol. Author manuscript; available in PMC 2016 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diseases may encode their own proteases that also cleave self-proteins into novel 

autoantigenic peptide fragments. Such novel cleavage of dystrophin has been demonstrated 

by Badorff and Knowlton in enterovirus-induced myocarditis [55]. The major problem left 

by the novel-cleavage-by-pathogen-proteases mechanism is why cryptic autoantigen-release 

leads to autoimmune disease in only a tiny fraction of infected individuals.

In summary, the development of anti-cardiac protein autoAbs does correlate with the degree 

of preceding cardiac tissue damage but not with induction of autoimmune disease. The 

presence of autoantibodies following many types of heart damage suggests that acute 

autoimmunity usually plays a role in tissue healing rather than producing further damage 

(Table 2). Thus, the presence of autoantibodies, even at high titers, and to presumably 

hidden antigens, is neither necessary nor sufficient to induce autoimmune myocarditis. 

Although in some cases autoAbs directly cause disease (i.e., Graves’ disease, myasthenia 

gravis), for most autoimmune diseases the role of autoAbs and/or ICs as the “initiator” of 

disease remains unclear. The role of hidden antigens in the induction of autoimmune disease 

therefore appears questionable.

Mathematical Models of HAT—As far as we know, only one mathematical model 

assumes that hidden antigens are a necessity for inducing autoimmune disease. Borghans 

and DeBoer propose that “autoreactive T lymphocytes [to hidden antigens] are neither 

activated nor negatively selected” so that tolerance to hidden host antigens is effectively a 

passive state [56]. Exposure to hidden host antigens can activate autoreactive T cell clones, 

resulting in autoimmune disease. Alternatively, sub-pathogenic exposures to antigens or 

passively transferred autoreactive T cells, will stimulate Treg cells that protect against 

autoimmune disease. The obvious limitation of this model is that, as discussed above, not all 

targets of autoimmune disease are hidden antigens. The model shares with HAT the less 

obvious problem that release of hidden antigens following tissue or organ damage should 

induce autoimmune disease, but does not. A model that explicitly addresses how the 

immune response to self-antigen is well-regulated while exposure to pathogens or other 

environmental agents trigger autoimmune disease would be very welcome.

Another area where new mathematical models might be of value would be in exploring the 

theory that novel autoantigens are generated by pathogen-produced proteases. Obviously, 

this possibility would be difficult to model mathematically as it depends on factors like 

being able to detect microbial levels (or at least their protease levels), the type of cells 

infected, and the number of host cells infected (i.e., myocytes). Importantly, persistent viral 

infection may still generate virus proteases and cryptic epitopes even if the virus is not 

actively replicating.

Novel Experiments and Clinical Studies—It is important to determine whether 

cardiac surgery, artificially-induced heart attack, or exposure to cardiac-damaging chemicals 

preceding infection with CVB3 or other infections result in a higher likelihood of 

myocarditis in mice, and if disease increases whether this is due to the release of hidden 

antigens. These experiments must take into consideration the effect on the immune response 

of DAMPs released by cardiac injury. Similarly, is there any evidence that individuals who 

develop myocarditis were exposed to cardiac injury or cardiac-damaging drugs (e.g., 
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chemotherapies, antibiotics) preceding the onset of myocarditis? The protease-produced 

novel autoantigen mechanism is also testable: epitopes obtained from the MHC of antigen 

presenting cells after infection could be compared to cardiac myosin epitopes known to be 

capable of inducing EAM.

1.4.2 Epitope Spread Theory (EST)

An epitope is a single antigenic site targeted by one specific antibody or T cell. The 

antigenic drift or epitope spread theory of autoimmune disease was put forward in 1992 by 

Lehmann et al. to explain a common observation that the dominant self-epitope/antigen 

targeted in an autoimmune disease is often different (and non-crossreactive) with those 

epitopes that were targeted during the initial stage of the autoimmune process [57–59]. 

Epitope spread occurs as part of the normal immune response to control infections. Initially 

the immune response recognizes a dominant antigen of the infectious agent and produces a 

T and B cell-specific response against it. When it later reencounters the same pathogen it 

produces an immune response against a second dominant antigen of the pathogen so that the 

adaptive immune response becomes better able to prevent infection with each future event, 

recognizing increasing numbers of epitopes for each microbial agent. This is the main 

reason why influenza vaccines must be changed each year because the virus evades the 

immune response by changing the “dominant” antigens on its surface membrane. It is well 

known, and often part of an autoimmune disease diagnosis, that autoimmune diseases 

usually only present clinically after several autoAbs directed against the target organ are 

present [60]. These observations suggest that infections or other agents that can cause 

release of and/or induce the immune system to target self antigens must be re-occurring so 

that the immune response spreads sufficiently to counteract them. The effect of recurrent 

infections on myocarditis is virtually unstudied (Table 2) [61].

One question is why does the immune system increasingly recognize different self-antigens 

over time? This could occur for a number of reasons. Aging itself has been found to increase 

B cell autoreactivity [62]. Dysregulation of the immune response could lead to epitope 

spread. Or, the immune system could be attempting to more effectively respond to tissue 

damage using epitope spread similar to the epitope spread that occurs during infections such 

as influenza, when the immune system responds to increasing numbers of viral antigens with 

each outbreak. While epitope spread of autoAbs has been studied in detail in animal models 

of EAE [63] and Theiler’s virus infection of the central nervous system [64], very little is 

known about epitope spread in myocarditis either in animal models or patients. Using a 

cardiac C-protein/CFA model of autoimmune myocarditis, Matsumoto et al. demonstrated 

that B cell epitope spreading was important for the development of DCM in Lewis rats [65]. 

Moreover, B cell epitope spreading was dependent on pathogenic T cells, the activation of 

which required additional inoculations of the initiating C-protein epitope in combination 

with antisera. Thus, epitope spread may require multiple pathogenic triggers for disease 

induction or maintenance.

The possibility that multiple pathogenic effectors may be required for epitope spread leads 

us to place particular emphasis on the fact that EST requires that the initiating antigen be 

different from and non-crossreactive with the target antigen in autoimmune disease. If this 
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requirement is not met, then EST is no different than molecular mimicry where one antigen 

resembles another, which we will discuss below. Consider the case of myocarditis induced 

by CVB3 infection. Most investigators agree that the main autoimmune epitope targeted in 

the disease process is cardiac myosin, yet the initial antibodies produced in direct response 

to CVB3 do not crossreact with cardiac myosin nor do myosin antibodies recognize CVB3 

[66, 67]. Other autoAbs have been found that target cardiac proteins and receptors during 

the chronic stage of disease (i.e., DCM) like the β2 adrenergic receptor (β2AR) and 

muscarinic acetylcholine receptor (AChR) [68–73], but it is not known whether any of these 

autoAbs appear prior to cardiac myosin autoAbs or vice-versa. Thus, it is not known 

whether EST is generally applicable let alone necessary for the induction of human 

autoimmune disease, and the conditions under which epitope spreading occur are still 

essentially unknown.

Mathematical Models of EST—We have found no mathematical models of EST. Given 

the extensive experimental and clinical evidence for EST, mathematical models of this 

phenomenon would be highly desirable but will be difficult to develop given current 

uncertainties about the necessity for repeated antigen exposure, T cell activation, and so on.

Novel Experiments and Clinical Studies—Does epitope drift occur in viral 

myocarditis or EAM animal models? Does autoAb epitope specificity differ in molecular 

targets or over time in EAM vs. myocarditis induced by infections? Do multiple cardiac 

autoAbs increase the risk for acute myocarditis or chronic DCM and heart failure in 

patients? Is T cell activation required in models of EAM other than the cardiac C-protein-

induced model?

1.4.3 Anti-Idiotype Theory (AIT)

We noted in our discussion of EST that autoAbs in DCM patients are often induced to cell 

surface proteins including receptors like the β2AR and muscarinic AChR. The anti-idiotype 

theory (AIT) of autoimmune disease proposes that receptors used by infectious agents, 

particularly viruses, are the primary targets of the immune response resulting in autoimmune 

disease [74, 75]. Antibodies directed against the viral ligand that binds the cell receptor 

could then bind to the cell receptor on host cells becoming a so-called anti-idiotype autoAb. 

Anti-idiotype antibodies would thereby target the same tissue or cell type as the infectious 

agent. In this way, an anti-idiotype response to an infectious agent could lead to autoimmune 

disease (Figure 2). This theory suggests that the viral or microbial ligand would be a 

dominant antigen targeted by the immune response.

It is important to pause for a moment to consider the differences between EST and AIT. In 

epitope spread, immunodominance shifts from one antigen to an unrelated one as the 

immune system adapts to the range of antigens presented to it. In contrast, AIT proposes that 

the shift from one antigenic target to another is mediated not by the presence of multiple 

antigens (cryptic or not), but by the induction of the idiotypic antibody response itself. If this 

idiotypic response is to an epitope complementary to a “self” epitope, then the induction of 

an anti-idiotype has the potential to induce autoimmunity. Thus, while both theories have the 
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potential to shift the antibody response over time, they do so through very different 

mechanisms.

The application of AIT to myocarditis is straightforward. Clinically, what appear to be anti-

idiotype antibodies are found in both patients and in animal models of myocarditis. Paque 

and Miller characterized the development of anti-idiotype antibodies in CVB3-induced 

myocarditis, demonstrating that while idiotypic antibody against CVB3 is present by 7 days 

after infection, anti-idiotype antibodies arise only at two weeks and peak at three [67, 76–

79]. Similar to Neu et al. [66], Paque and Miller observed that idiotypic anti-CVB3 

antibodies do not crossreact with cardiac myosin [67]. Rather, Paque and Miller maintain 

that anti-cardiac myosin reactivity arises only with the induction of the anti-idiotypic 

antibodies [67]. If anti-cardiac myosin antibodies are actually anti-idiotypic, it would follow 

that the original receptor for CVB3 would mimic myosin. In fact, both coxsackie-adenovirus 

receptor (CAR) and decay accelerating factor (DAF) also called CD55, which are used by 

some strains of CVB3 as receptors, have multiple and statistically significant similarities to 

cardiac myosin [80]. Several examples are illustrated in Figure 3. Alternatively, CVB3 may 

itself induce anti-idiotypic antibodies that recognize cardiac myosin: CVB3 mimics actin; 

actin is complementary to cardiac myosin so that anti-CVB3 (actin) antibodies mimic 

myosin [81]. Thus, anti-anti-CVB3 (actin) antibodies would behave like anti-cardiac myosin 

antibodies.

While the presence of anti-idiotype autoAbs in myocarditis would seem to support the utility 

of AIT for understanding the initiation of disease, a number of problems complicate the 

matter. The first difficulty concerns lack of evidence for antibodies against cardiac cellular 

receptors used by initiating viral or bacterial pathogens. Two of the best-characterized 

infectious agents associated with autoimmune heart disease are CVB and GAS, both of 

which can infect cardiac tissue. Some, but not all, of the cellular receptors used by these 

infectious agents are known. GAS uses a number of extracellular proteins to adhere to 

cardiac myocytes including laminins [82], while CVB3 and adenoviruses often use CAR and 

DAF to enter target cells [83]. While knocking out the CAR gene does prevent CVB3 

infection of cardiac muscle and subsequent myocarditis in mice by preventing active 

infection [84], we can find no experimental or clinical evidence that antibodies, idiotypic or 

anti-idiotypic, are generated against CAR or DAF in myocarditis. Moreover, myocarditis 

caused by strains of CVB3 that use CAR as a receptor for viral entry lead to high viral 

replication in the heart, massive necrosis, and rapid death of mice but only low myocardial 

inflammation [85, 86], a pathogenesis that does not translate well to most myocarditis 

patients. In contrast, other strains of CVB3 like the Nancy strain do not appear to use CAR 

or DAF when infecting Vero cells, which do not express these receptors. The receptor(s) 

used by CVB3 in this circumstance is not known, but produces a mild viral infection in mice 

that closely resembles human disease when injected with damaged heart proteins [8, 13, 86]. 

Thus, if AIT applies to myocarditis, it probably involves CVB receptors that have not yet 

been identified. Possibilities include the β2AR and AChR, which have been found to target 

the chronic phase of myocarditis (i.e., DCM) and might fit the profile of anti-idiotype 

autoantibodies [68–73]. However, several investigators have isolated at least five additional, 

as yet unidentified, proteins to which CVB3 binds that may also represent receptors [87, 88].
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The second problem with applying AIT to myocarditis is that while Plotz proposed that anti-

idiotype antibodies are pathogenic [74], Paque and Miller [76–79] and Weremeichik et al. 

[89] have shown that anti-idiotypic antibodies produced during CVB3-induced myocarditis 

down regulate disease. Weller et al. further demonstrated that induction of an anti-idiotype 

response by immunoglobulins is part of the mechanism by which immunoglobulin therapy 

can prevent CVB3-induced myocarditis in mice [90]. These results suggest that anti-idiotype 

antibodies in myocarditis may be palliative rather than causative, similar to rheumatoid 

factor [91].

In sum, anti-idiotype autoantibodies do appear in myocarditis, but have not been 

demonstrated to target the receptor proteins that CVB3 is known to use to infect cells. Thus, 

the receptors that lead to anti-idiotypic autoAbs remain unclear and the possibility that they 

play a protective, rather than pathogenic, role in myocarditis complicates matters.

Mathematical Models of AIT—No mathematical model of AIT, per se, appears to have 

been attempted. On the other hand, disturbances in idiotype-anti-idiotype networks have 

been mathematically modeled by several groups under the assumption that anti-idiotype 

immune responses are regulatory, either preventing or moderating disease. Thus, the current 

mathematical modeling literature suggests, if only by implication, that anti-idiotypes are not 

causes of autoimmune disease, but an attempt to control autoimmunity. For example, in 

Cohen and Atlan’s automata-based theory antigen-specific T cells induce anti-idiotypes that 

cause autoimmune disease, but these anti-idiotypes “vaccinate” against disease [92]. Several 

differential-equation-based models of anti-idiotype function model similar behavior and 

have been developed specifically to address the mechanism(s) by which T-cell vaccination 

can be accomplished in various animal models of disease [93, 94]. The implications of these 

models is that anti-idiotypes are regulatory, which is the opposite of Plotz’s theory that anti-

idiotypic responses initiate autoimmune disease.

Mathematical models have also cast doubt on whether idiotype-anti-idiotype networks play 

a role in immune regulation. DeBoer and Hogeweg concluded that idiotype-anti-idiotype 

network models based on proliferation of antibody production due to antigen stimulation 

were unable to explain basic immunological phenomena such as regulation, immunity 

(memory), and self-non-self discrimination making them poor candidates to explain 

autoimmunity [95]. Whether the inability to successfully model the immune system using 

idiotype-anti-idiotype network approaches is a mathematical problem or an intrinsic failure 

of Jerne’s network theory to describe immune system behavior remains to be determined. In 

contrast, Sulzer and Weisbuch [96] developed a differential equation-based model of an 

immune system regulated by idiotype-anti-idiotype interactions that resolves many of the 

intrinsic problems that DeBoer and Hogeweg [95] had attributed to network models. Sulzer 

and Weisbuch found that in the instance where one or both of the idiotype anti-idiotype 

clones are self-reactive, the system could take on any of three states [96]. If clonal activation 

is low, then it is suppressed by the anti-idiotype; if clonal activation is moderate, then the 

system is tolerant; and if clonal activation is high, then autoimmunity results. Sulzer and 

Weisbuch’s model therefore suggests that AIT is plausible, the key factor being the degree 

to which the pathogen stimulates the idiotype-anti-idiotype network and the extent to which 

host antigens continue to drive the autoimmune process. However, the issue of whether 
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Plotz’s version of anti-idiotype stimulation can produce autoimmune disease remains an 

open one for those mathematically modeling the immune system.

Novel Experiments and Clinical Studies—AIT needs to be evaluated with a range of 

new experiments and clinical tests. First, it would seem possible to produce anti-idiotype 

antibodies in inbred mice against key antibodies associated with myocarditis (e.g., anti-

CVB, anti-cardiac myosin, etc.) and to inoculate naïve mice of the same strain with these 

anti-idiotype antibodies. If AIT is correct, then these anti-idiotype antibodies should be 

sufficient to induce myocardial inflammation. Alternatively, the effects of these anti-

idiotype antibodies on the course of myocarditis could be studied to determine whether they 

exacerbate or ameliorate disease symptoms. Finally, a dedicated search for anti-idiotype 

antibodies directed against CAR, DAF, the β2AR, AChR, and other novel CVB receptor 

candidates [87, 88] should be undertaken. The possibility that these receptor anti-idiotypes 

might correspond to anti-cardiac myosin autoAbs should also be considered [80, 81].

1.4.4 Molecular Mimicry (MM) Theory

The theory of molecular mimicry (MM) provides one way out of many problems posed by 

HAT, EST and AIT. The concept of “molecular mimicry” was first posited by Damian in the 

early 1960s to explain how parasites evolved proteins that mimic host proteins in order to 

camouflage themselves from the immune system [97, 98]. The concept was broadened 

substantially by Lane and Koprowski who described increasingly frequent reports that 

antibodies induced by various pathogens could crossreact with host cellular proteins [99]. 

Pathogens in general, they suggested, have evolved to display proteins that have antigenic 

similarity to the proteins of their hosts. The possibility that molecular mimicry might lead to 

autoimmune disease was proposed a year later by Kaprowski in collaboration with Fujinami 

and Oldstone [100–102].

The essence of MM theory as a cause of autoimmune disease is that antigens of infectious 

agents mimic host proteins sufficiently to result in antibodies, B cells or T cells that 

crossreact with host cells (Figure 4). Srinivasappa et al. reported that 3% of antibodies 

against human pathogens result in crossreactivity [103]. It is hypothesized that if the 

crossreactivity is sufficiently robust, there may be loss of tolerance and autoimmune disease 

may result. An issue that remains unresolved is whether antigen-host similarity is 

determined by linear or conformational epitopes, or both [99]. Most studies of molecular 

mimicry have relied on linear epitope similarities since simple tools for comparing protein 

conformations are generally lacking.

Crossreactivity between GAS and cardiac proteins was established by Kaplan [104–107] 

about the same time that Damian first described the concept of molecular mimicry. Wood et 

al. subsequently identified similar crossreactivity between T. cruzi (the cause of Chagas 

disease, a type of myocarditis) and cardiac proteins [108]. Williams [109] integrated these 

studies within the newly proposed concept of molecular mimicry and Froude et al. [110] 

reviewed accumulating data that Streptococcal antigens mimicked not only host cardiac 

proteins but also host antigens expressed in many organs. The fact that most pathogens 
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mimic several proteins from multiple organs and tissues is a point that is often lost in 

discussions of MM and one to which we will return below.

Cunningham et al. provided a major breakthrough in understanding MM as a cause of 

rheumatic heart disease by demonstrating that a critical locus of mimicry existed between 

specific peptides of GAS M protein and cardiac myosin [53, 111–113] (Figure 5). 

Recombinant M protein, M protein fragements, and cardiac myosin have each been used as 

antigens to induce valvulitis [8, 53, 114, 115].

Molecular mimicry is also relevant to CVB-induced myocarditis. Srinivasappa’s team 

demonstrated that antibodies raised against CVB4 crossreact with cardiac actin and myosin 

[116]. Several groups extended this work by showing that CVB3 induced antibody and T 

cell responses against actin, cardiac myosin, tropomyosin, and vimentin during myocarditis 

[117–121]. Subsequent studies have shown that CVB proteins mimic cardiac actin (Figure 

6), that antibodies against CVB3 recognize cardiac actin as an antigen and, conversely, that 

anti-actin antibodies recognize CVB3 proteins [80, 81].

As noted above, there has been a realization from the outset that not all mimicry may 

involve linear epitopes. Indeed, Cunningham’s group isolated a monoclonal antibody from a 

rheumatic heart disease patient that recognized the N-acetyl-βD-glucosamine (GlcNAc) 

epitope of Streptococci and, with increasing affinity, laminin and cardiac myosin as well 

[122]. This cross-reactivity displayed by GlcNAc, laminin and cardiac myosin may explain 

how an antibody response to Streptococci can target not only bacteria but also cardiac 

valves. The initial destruction of valve endothelial cells may be mediated by antibodies 

induced by GAS GlcNAc producing, as a side effect, an attack on laminin and cardiac 

myosin. Notably, the same scenario just described for GAS induction of vavlulitis could 

theoretically apply to CVB-induced myocarditis as well. Shikhman et al. demonstrated that 

antibodies against GAS GlcNAc crossreact with the viral protein (VP)1 of CVB3 [123]. 

Thus, a CVB infection could trigger anti-laminin antibodies causing cardiac myosite 

destruction, release of cardiac myosin, and subsequent epitope spread toward cardiac myosin 

as the main target of autoimmune disease. This form of MM therefore integrates some of the 

most compelling features of HAT and EST while clarifying how a particular tissue is 

targeted and specific antigens become the focus of subsequent autoimmunity (Figure 7).

Whether in its original or modified form, MM theory faces a number of problems. One is the 

question of why only a small proportion of the population who develop immunity to a 

molecular mimic such as GAS or CVB3 go on to develop myocarditis. While it is estimated 

that 14% of the population carry genes making them susceptible to rheumatic heart disease 

[124, 125], only three in a thousand actually develop valvulitis following GAS infection 

[126, 127]. If GAS were sufficient to induce valvulitis among genetically susceptible people, 

then this figure should be fourteen in one hundred. Similarly, only about one in 500 people 

who develop a Coxsackie viral infection develop autoimmune myocarditis [128]. Part of the 

discrepancy may be due to the fact that the true prevalence of myocarditis is unkown, and 

likely to be underdiagnosed [129, 130]. But underdiagnosis is unlikely to explain a 

discrepancy of more than two orders of magnitude. Thus, while molecular mimicry may be 
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necessary to induce autoimmunity, the incidence of autoimmune disease following exposure 

to mimics suggests that it is not sufficient.

Because MM is so common between microbes and human antigens, one way out of this 

conundrum of rarity is the possibility that autoimmune disease requires multiple exposures 

to molecular mimics. Shared mimicking epitopes between multiple pathogens or 

environmental factors (for example, streptococcal M protein and enterovirus proteins that 

both mimic cardiac myosin) could result in serial reactivation of autoimmune T memory 

cells cross-reactive to cardiac myosin with ever increasing pathology [113]. This re-

exposure could potentially mitigate the need for adjuvant as multiple reactivation of memory 

T cells ultimately requires less cytokine and accessory molecule stimulation.

Several other problems with the theory of MM also suggest its insufficiency. One is that 

despite thirty years of clinical studies, evidence of MM in patients with autoimmune 

diseases other than myocarditis has been very sparse [131–134]. Even for myocarditis, those 

studying this disease have been unable to induce disease experimentally using a purified 

molecular mimic antigen without adjuvant. M protein of GAS is not adequate, by itself, to 

produce valvulitis without an adjuvant. As with other theories of autoimmunity, there is 

nothing in MM theory that specifically explains why an adjuvant should be necessary or 

what role it plays in disease initiation. Thus, even Fujinami, one of the inventors of MM 

theory has expressed the view that perhaps additional factors, such as a bystander effect or 

dual affinity TCR, may be required in addition to molecular mimics to induce autoimmune 

disease [135].

A final problem with MM theory is that mimicry with human cardiac antigens is not limited 

to pathogens such as CVB or GAS, but occurs indescriminately throughout living 

organisms. Antigens capable of inducing EAM are found in common foods such as Zea 

mays (corn) and non-pathogenic pond bacteria [115, 136]. The fact that corn and pond 

bacterial antigens can induce low level myocardial inflammation when inoculated with an 

appropriate adjuvant suggests that the way in which a molecular mimic is presented to the 

immune system, and how the immune system is co-stimulated, determines the response. 

These additional response-determining factors need to be understood if the causes of 

autommune disease are to be elucidated. In particular, it would seem logical that non-

infectious agents such as corn might not be able to activate cross-reactive T cells in the 

absence of an appropriate infectious trigger or adjuvant. It seems more likely that exposure 

to non-infectious agents would induce tolerance since oral presentation of cardiac proteins 

have themselves been shown to protect mice from myocarditis [137]. How the presence or 

absence of cofactors such as infections and adjuvants alters antigenicity is an important gap 

in our knowledge that needs to be rectified.

Indeed, the issue of non-pathogenic inducers of experimental forms of myocarditis raises 

one final issue regarding the theory of MM, the resolution of which would greatly benefit 

the field of autoimmune disease research, and that is a rigorous definition, either theoretical, 

experimental or clinical, of what constitutes disease-relevant mimicry. It is well established 

that MHC, TCR and antibodies each recognize a more-or-less limited range of epitopes 

[138, 139], but how closely this recognition is related to the ability of any particular 
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microbial antigen to elicit an immune response capable of inducing autoimmune disease is 

not understood. Lacking a practical immunological definition of MM, how can the utility of 

the theory be properly evaluated?

Mathematical Models of MM—A range of mathematical models have addressed various 

aspects of the theory of MM. One set explores the evolutionary advantages and 

disadvantages of MM as a strategy for pathogens to evade the host immune system. This 

literature demonstrates that there is an interesting balance that must be struck between 

immunological evasion, “costly autoimmunity”, and “functional trade-offs” in proteins that 

evolve to mimic host proteins. Immunological evasion clearly benefits the pathogen by 

increasing replication and transmissibility. If mimicry results in autoimmunity in the host, 

however, pathogen fitness may be lowered by decreasing transmissibility. In addition, 

modeling suggests that MM may decrease optimal pathogen protein functionality, 

decreasing infectivity, replication, and transmission. Thus, host autoimmunity may be seen 

in an evolutionary context as a brake on pathogen exploitation of MM as a means to avoid 

immune surveillance [140].

A second set of mathematical models has explored the mechanism by which MM results in 

autoimmune disease. Blyuss and Nicholson, for example, developed a mathematical model 

for the dynamics of an immune response to a viral infection and the development of 

autoimmunity, which takes into account T cells with different activation thresholds and 

cross-reactivity between pathogen and host antigens [141]. The model provides conditions 

under which infection can be cleared by the immune system, as well as how it can lead to a 

chronic infection or recurrent infection with relapses and remissions. One assumption 

underlying the model is that chronic, relapsing forms of autoimmunity may require chronic 

or recurrent infection. Pinto et al. have provided an alternative model where the major 

determinant of whether autoimmune disease results from MM is how Treg respond to 

infection [142]. A greater description and discussion of these and related models is provided 

by Blyuss and Nicholson [141].

One very notable mathematical model suggests, contrary to MM theory that MM may 

actually be a means of promoting tolerance to potential antigens. Using an experimentally 

validated mathematical algorithm for determining MM, Kristóf et al. have modeled the 

conditions under which gut bacteria mimicking host antigens induce tolerance [143]. Two of 

their most striking findings were that there is “a strong negative correlation between the 

similarity of autoantigens to intestinal bacteria and the production of specific 

autoantibodies” and that “autoantigen length inversely correlated with the production of 

autoantibodies.” From these findings, Kristóf et al. conclude that “as a longer chain with 

more epitopes associates with an increased possibility of mimicry to any proteome, MM in 

general - regarding at least major tissue-specific autoantigens - seems to be rather 

protective.” Whether their results can be generalized beyond the gut microbiome remains to 

be seen, but this type of research is certainly worth pursuing because it has the potential to 

provide insight into our preconceptions about the role of MM as a cause of autoimmune 

disease.
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Novel Experiments and Clinical Studies—The critical issue for testing MM theory in 

the context of myocarditis is testing its limitations. One outstanding question is whether 

cardiac myosin mimicry is necessary to induce myocarditis or whether CVB and GAS 

antigens that mimic other cardiac proteins such as the β2AR, CAR, DAF, actin, troponin, 

laminin, etc., can also induce experimental myocarditis [80]. It is quite possible that the 

failure to observe clinical correlates of MM in many diseases is due to using too narrow a 

focus on a single dominant antigen.

Potentially falsifying experiments also need to be run. GAS and CVB antigens that do not 

have any observable similarity to cardiac proteins should also be isolated or synthesized. 

The most important of these would be proteins that GAS or CVB use to bind to cardiac 

myocytes, which are therefore complementary to, rather than mimics of, cardiac proteins. 

For example, Dinkla et al. have identified an octapeptide from the GAS M protein that does 

not mimic cardiac myosin or induce antibodies crossreactive with cardiac myosin, but still 

produces rheumatic heart disease in animals [144–146]. Notably, this octapeptide binds to 

collagen IV on cardiomyocytes resulting in collagen IV autoantibodies. The ability of CVB 

or GAS antigens that do not mimic cardiac proteins to induce disease may force the field to 

rethink the role of mimicry by suggesting that the presence of crossreactive autoantibodies is 

a result of cellular damage rather than a cause of it [82].

A second set of potentially falsifying experiments would involve determining whether there 

are infectious agents (rather than just specific antigens in such agents) associated with either 

clinical or experimental forms of autoimmune myocarditis that do not exhibit MM with 

cardiac antigens. Many pathogens besides CVB and GAS are associated with autoimmune 

myocarditis. These include: T. cruzi (the cause of Chagas disease) [147], smallpox virus 

[148], varicella zoster virus (VZV) [149], CMV [150], hepatitis C virus [151], ECHO virus, 

adenovirus, Epstein-Barr virus (EBV), and parvovirus B19 [150, 152–155]. Of these, both T. 

cruzi and MCMV are often cited as classic cases of molecular mimicry. Some T. cruzi 

antigens mimic a variety of cardiac proteins including cardiac myosin [156, 157]. Rose, 

however, notes that purified and recombinant antigens derived from T. cruzi do not cause 

myocarditis nor are the crossreactive antibodies associated with autoimmune damage [158]. 

Similarly, while MCMV infection can lead to autoimmune myocarditis in rodents and a 

MCMV polypeptide appears to mimic cardiac myosin [7, 159, 160], this polypeptide has not 

been identified or sequenced, nor have attempts been made to induce EAM using it. Thus, 

the case for molecular mimicry of T. cruzi or MCMV as a cause of autoimmune heart 

disease is incomplete. More importantly, there is at this time no evidence for or against MM 

for the other pathogens associated with autoimmune myocarditis and thus the case remains 

pinned on a handful of examples.

1.4.5 Bystander or Adjuvant Effect Theory

Perhaps the most important question raised by the theory of MM is why it has not been 

possible to induce autoimmune disease with crossreactive inactivated pathogens or purified 

antigens without the use of an adjuvant. Rose et al. notes that neither inactivated CVB3 nor 

T. cruzi can induce EAM, despite the presence of molecular mimics [132, 158]. The addition 

of lipopolysaccharides (LPS) to the inactivated agents or the use of an appropriate adjuvant 
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can, however, enable them to induce autoimmune disease, which has been termed the 

“adjuvant effect”. Similarly, inactivated GAS or GAS M protein cannot induce valvulitis, 

but the addition of CFA allows autoimmunogenicity [8]. These findings have led some 

researchers to suggest that autoimmune disease induction may require a second signal at the 

time a molecular mimic is encountered, like those provided by cytokines or innate immune 

activation caused by the adjuvant [132, 135]. As mentioned earlier, it is now realized that 

adjuvants activate antigen presenting cells via TLRs and other innate receptors eliciting 

“specific” innate immune responses. For example, activation of TLR2 by the M. 

tuberculosis component of CFA drives a Th17-type immune response [161].

The bystander effect theory (BET) or adjuvant theory of autoimmune disease developed 

following the observation by Tough and Sprent that various viruses, virus mimetics, 

bacteria, and bacterial products such as LPS can induce cytokine production resulting in the 

activation of heterologous polyclonal T cells [162, 163]. Beginning in 2001, Fujinami began 

hypothesizing that autoimmune diseases are induced by a combination of MM and bystander 

activation [135, 164–166]. The essential idea is that under normal conditions autoreactive 

immunity is kept under tight regulation that prevents disease initiation. In the presence of a 

bystander or adjuvant effect, cytokines are produced that non-specifically activate 

autoreactive T cells inducing pathogenesis. In some ways, the bystander effect is similar to 

the hidden antigen theory in relying on co-stimulation to initiate autoimmune disease. 

Whether the bystander effect works in conjunction with a molecular mimic is an issue of 

contention in the field, with groups such as Fujinami’s [135] and Rose’s [132] arguing for 

the compatibility of the two theories and Tandon’s group [82] arguing against it. As 

predicted by BET and noted above, neither cardiac myosin nor GAS M protein is sufficient 

to induce EAM in the absence of CFA. The use of IFA in combination with M protein or 

cardiac myosin also fails to produce EAM. These facts would suggest that a second signal is 

indeed necessary to induce autoimmunity using molecular mimicry antigens. On the other 

hand, the ability to induce rheumatic heart disease in animals using adjuvant in combination 

with an octapeptide that is complementary to, rather than a mimic of, cardiac proteins [144–

146] suggests that specific innate activation rather than MM is the main trigger of 

autoimmunity [82].

One critical test of BET concerns the question of whether the adjuvant effect is a specific or 

non-specific phenomenon. If the adjuvant effect merely involves non-specific cytokine 

stimulation and therefore not specific to the particular inflammatory agent employed (i.e., 

M. tuberculosis and TLR2 for example), then it should be possible to replace CFA with 

other adjuvants in the induction of EAM. Thus far, experiments substituting CFA with other 

adjuvants have failed. As noted above, IFA which is missing M. tuberculosis is insufficient. 

More telling are experiments by Ketheesan’s group [167] who replaced CFA with 

Emulsigen® (MVP Laboratories Inc, USA) or Montanide ISA50V (SEPPIC, Paris, France) 

in a valvulitis model using GAS M5 protein as the antigen. Emulsigen and Montanide 

produced inflammatory responses equivalent to CFA in terms of stimulating T cell 

proliferation to antigen, edema, erythema, and necrosis at the injection site, but neither 

Emulsigen nor Montanide in combination with M5 protein produced lesions characteristic of 

valvulitis. These results suggest that the M. tuberculosis in CFA may be producing a 

Root-Bernstein and Fairweather Page 18

J Theor Biol. Author manuscript; available in PMC 2016 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific, rather than a non-specific form of innate immune response. Evidence in support of 

this idea includes the data indicating that M. tuberculosis activates TLR2 on innate antigen 

presenting cells resulting in a Th17 and, to a lesser degree, a Th1-type immune response 

[161]- pathways that are known to increase myocarditis.

The question of adjuvant specificity is also raised by another unusual observation regarding 

the use of CFA. Fohlman et al. produced inactivated, attenuated, and subunit forms of CVB3 

for use as vaccines against CVB-induced myocarditis [168]. The attenuated and inactivated 

virus vaccines were each tested alone and combined with each of three adjuvants: Quil A 

matrix, Alum, or CFA. Both the Quil A matrix and Alum were useful in promoting 

significantly enhanced antibody responses to the killed virus vaccine, and Alum also 

promoted antibody to the attenuated virus vaccine. Surprisingly, and in the words of the 

authors, “most remarkable is that Freund’s adjuvant did neither induce high neutralizing 

antibody titers nor protection” [168]. Since CFA clearly enhances the immune response to 

GAS M protein and to cardiac myosin, why did it not have a similar effect with CVB3? 

Well, what was not known at the time of Fohlman’s manuscript is that CFA drives a 

dominant Th17 response, while a Th1 response is needed for protection against CVB3 

infection. Another important aspect of vaccine development is that adjuvants are tested for 

their efficacy at producing antibody responses, while the efficacy of CFA in autoimmune 

animal models is based on its ability to produce a cell-mediated immune response (i.e., 

inflammation). It should also be noted that Alum, similar to LPS, is known to activate TLR4 

and the inflammasome, and to drive a mixed Th1/Th2 response that elevates antibody 

production [169]. Activation of TLR4 and the inflammasome is critically important for the 

development of myocarditis and DCM [12, 15, 16].

Another EAM model demonstrates again that different adjuvants can have very different 

effects. EAM can be produced in rodents by actin or cardiac C-protein in combination with 

Klebsiella pneumoniae O-3 LPS [170, 171]. This combination produced significant heart 

lesions typical of an autoimmune process, but substitution of LPS derived from other 

Klebsiella species, Escherichia coli, or Salmonella produced no autoimmune response in 

combination with heart protein extract. Further research is certainly merited to determine 

why differences in LPS significantly modify disease outcome. One possibility is that other 

types of LPS stimulate different TLRs beside TLR4, which is important for the development 

of myocarditis [12, 15].

Additional information about the adjuvant effect may be gleaned from two different models 

of CVB3-induced myocarditis. The traditional model uses strains of CVB3 that use CAR 

and/or DAF for viral entry and replicate at very high levels in the heart causing major 

necrosis but produce very low levels of cardiac inflammation (often less than 10%) while 

around 70% of the mice die during acute myocarditis [86]. Although this “virus only” model 

is thought to resemble fulminant myocarditis cases, biopsies from fulminant myocarditis 

patients typically have high inflammation but little evidence of necrosis. To develop a 

mouse model that more closely resembled most lymphocytic myocarditis patients we used a 

mild strain of CVB3 that does not use CAR or DAF for viral entry that had been passaged 

through the heart and so contained damaged heart protein [8, 17]. This combination results 

in a high level of acute inflammation in male mice (around 80% of heart inflamed), no 
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apparent necrosis, and no deaths while 100% of BALB/c mice progress to develop DCM 

[12, 15]. We termed this model a “hybrid” CVB3 model because virus and damaged heart 

are used to induce disease [86]. So, what can the hybrid CVB3 model tell us about the 

adjuvant effect?

Well, for one thing the viral strain used in the hybrid model does not induce myocarditis if 

injected without damaged heart proteins. This suggests that two signals are needed-

activation of the innate response to 1) live virus and to 2) damaged cardiac tissue. Damaged 

self is known to activate TLR4 and the inflammasome [172], and this is likely to be 

important for disease induction. Damaged cardiac tissue also contains cytokines like IL-33, 

which is a DAMP and part of the IL-1R/TLR4 pathway [173]. In the hybrid CVB3 model, 

the virus most likely provides a strong “adjuvant” signal while the immune response also 

targets cardiac self proteins.

There are a number of similarities between the hybrid CVB3 model and myocarditis induced 

using MCMV. MCMV is cultivated in the salivary glands of mice and damaged salivary 

gland tissue containing infectious MCMV is injected into mice to induce myocarditis [7, 17, 

159, 160]. The disease course is very similar between the hybrid CVB3 model and MCMV-

induced myocarditis [17]. Interestingly, one of the major components of salivary glands is 

contractile tissue composed of actomyosin [174]. So in this case also, activation of the 

innate immune response with a mild viral infection combined with damaged self (proteins 

found in cardiac tissue) produces a disease that closely resembles clinical myocarditis. In a 

similar manner Fujinami et al. used MCMV as a bystander infection to trigger central 

nervous system autoimmunity in conjunction with a proteolipid protein (PLP) expressing 

vaccinia virus (VV) [175]. In these experiments, MCMV by itself did not cause 

autoimmunity, nor did wild type VV or PLP-expressing VV. Lymphochoriomeningitis virus 

(LCMV) also failed to induce autoimmunity by itself or in combination with VV or PLP-

VV, and wild-type VV was unable to initiate autoimmune disease following a PLP-VV 

infection. While the fact that PLP-VV in combination with MCMV did induce CNS 

autoimmunity could be interpreted as evidence for the bystander effect, the failure of LCMV 

and wild-type VV to do so could equally be interpreted as evidence against it.

In summary, there are a number of areas that need clarification in the bystander or adjuvant 

effect as a cause of autoimmune disease. If cytokines produce non-specific activation of 

autoreactive T cells, then one would expect any bystander cytokine or adjuvant to have a 

similar effect in inducing autoimmune disease. In other words, adjuvants should be able to 

substitute for each other if the effect is non-specific. It is increasingly clear however that 

adjuvants and even damaged self drive TLR-specific innate immune responses and cannot 

be equally substituted for each other.

Mathematical Models of BET—We have found only one mathematical model that 

incorporates the bystander effect into its explicit considerations [176]. As with most of the 

clinical and experimental literature on the bystander effect, Burroughs et al.’s model 

assumes that autoimmunity is made possible by the pre-existence of MM between the 

stimulating antigen and one or more host proteins [142, 176]. The effect of bystander 

stimulation in the model, as in BET itself, is to lower the threshold of antigen stimulation 
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required to induce autoimmunity or to increase the rate at which autoimmune processes 

develop at any given level of antigen stimulation. Burroughs et al.’s model therefore 

confirms the plausibility of BET specifically as an adjunct to the theory of MM. The 

limitation of the mathematical model, like BET itself, is that both the model and the theory 

explicitly assume that any immunological stimulus (e.g., infection, adjuvant or 

environmental insult) can provide the bystander effect for any given antigen, whereas 

experimental and clinical evidence suggests that agents that produce bystander effects tend 

to be limited and specific to the antigenic trigger. Mathematical models are needed that 

investigate the extent to which the bystander effect varies as a function of how general or 

specific the interaction between bystander and trigger must be.

Novel Experiments and Clinical Studies—The main challenge that BET faces is to 

explain the apparent specificity of bystander cytokines and adjuvants for induction of 

autoimmune disease. Further characterization of the specificity of the “adjuvant” effect in 

EAM is needed. How specific are the adjuvant requirements for EAM induction using any 

specific antigen preparation? Along similar lines, and in light of Folhman et al.’s vaccine 

experiments [168], it would be worth inoculating animals with an attenuated or killed CVB 

preparation with CFA to determine whether the combination is capable of inducing 

myocarditis.

Another testable implication of BET is that it should be possible to produce autoimmune 

disease using a pure antigen (without adjuvant) such as M protein or inactivated CVB3 

supplemented with the cytokines that would be produced by the adjuvant (or damage) like 

IL-1β or IL-33. Fohlman et al. noted, for example, that the successful adjuvants for CV 

vaccines stimulated antigen presenting cells to produce more IL-1 but not more IL-6 or 

tumor necrosis factor (TNF)-α than vaccines without adjuvants [168]. Can EAM be induced 

using inactivated CVB3 with IL-1β and/or some other combination of cytokines?

Finally, BET has testable clinical implications as well. BET predicts that autoimmune 

myocarditis will not be produced with co-infections like CVB and GAS, but requires 

infection plus self antigen. Thus, clinicians could test myocarditis patients for multiple 

infections.

1.4.6 Dual T Cell Receptor (DTCR) T Cells

Fujinami et al. proposed that some of the limitations of the theory of MM and BET could be 

accounted for by the recent discovery that many T cells have TCR with affinities for two 

different antigens called dual TCR (DTCR) [28]. This theory provides a mechanism for how 

self tolerance could be broken.

In 1993, Padovan et al. demonstrated that up to a third of all human T cells express two 

different V alpha TCR [177, 178]. Subsequent research demonstrated that about 1% of 

human T cells also express two different V beta TCR [179, 180]. In some cases, one of these 

TCR is self-reactive. The lower-than-normal expression of each TCR due to competition for 

space on the cell membrane is hypothesized to increase the probability that self-reactive 

clones will avoid clonal deletion resulting in increased susceptibility to autoimmunity. In 

particular, it has been hypothesized that activation of the non-autoreactive TCR by a 
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pathogen or other antigen could stimulate clonal expansion inadvertently activating the 

autoreactive TCR on the same clone to cause autoimmune disease. In other words, a truly 

non-specific bystander effect could operate whereby the environmental trigger of an 

autoimmune disease could theoretically have no structural or sequence relationship to the 

autoimmune target.

Unfortunately for the purposes of this review, no investigator has yet applied DTCR to 

myocarditis so that our discussion of the theory’s possibilities and limitations must use other 

autoimmune disease models. We were also unable to find any evidence that DTCR has been 

linked to susceptibility or pathogenesis of human autoimmune disease. The following 

discussion is therefore speculative.

To begin with, the high prevalence of V alpha and V beta dual TCR T cells may be 

misleading. A recent study by Kekäläinen et al. found that 95% of dual TCR T cells are non-

functional and may actually play a role in preventing autoimmunity [181]. So far increased 

susceptibility to autoimmune disease has been demonstrated only in transgenic mice 

engineered to express dual TCR T cells [28]. Even in transgenic models, dual TCR 

expression is not required for development of autoimmune disease, leading Auger et al. to 

write of their own experiments that “it is thus not necessary in this model to invoke a 

scenario in which a dual TCR T cell is activated by one TCR and then provokes 

autoimmunity through its second TCR” [182]. Based on these findings what expression of 

dual TCR does in the best case scenario is to increase susceptibility to the induction of 

autoimmunity.

Importantly, the presence of dual TCR T cells does not appear to increase susceptibility in 

all animal models of autoimmunity. While there is clearly a significant increase in 

susceptibility to diabetes in NOD mice with dual TCR T cells, Elliott and Altmann reported 

that “the incidence of EAE and of SLE is not affected by the absence of dual TCR-α cells 

[183].” Corthay et al. similarly found no increased susceptibility to collagen-induced 

arthritis by dual TCR [184]. Thus, in several experimental models of autoimmune disease 

DTCR do not appear to increase disease.

Mathematical Models of DTCR—We have found no mathematical models that address 

DTCR. This theory is therefore ripe for mathematical modeling.

Novel Experiments and Clinical Studies—A number of experiments and clinical 

studies should be conducted to define the role of DTCR. Do dual TCR T cells proliferate in 

response to cardiac antigens in myocarditis? If they do proliferate, are the pairs of TCR 

expressed on them randomly paired or do they occur specifically? Do the dual TCR 

expressed on these T cells reflect the triggering agent (i.e., CVB, GAS, T. cruzi, etc.), the 

host target (e.g., cardiac myosin), or both? How do dual TCR T cells respond to the M 

protein of GAS or to cardiac myosin in the absence or presence of an appropriate adjuvant?

1.4.7 Antigenic Complementarity Theory (ACT)

Antigenic complementarity theory (ACT) was first proposed by Westall and Root-Bernstein 

[185, 186]. ACT proposes that autoimmune diseases are caused by specific combinations of 
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antigens, at least one of which mimics a self antigen. These antigens must be molecularly 

complementary to each other. As a result of this antigenic complementarity, the pair of T 

and/or B cells that are activated by the pair of antigens are also complementary to each 

other, which is to say that they have an idiotype-antiidiotype relationship although each is 

induced as an idiotypic response to its antigen. The result of antigenic and immunological 

complementarities is a complex network of misdirections. Each immunological response 

targets not only its appropriate antigen, but also the antigenic “self” mimic and the 

complementary immunological response as well. Each immune response must 

simultaneously address a non-self target, a self-antigen, and a complementary response by 

the immune system itself. Thus, autoimmune disease, according to ACT, is triggered when 

the immune system is tricked into attacking itself. The confusion as to what is antigenic 

within the immune system itself results in the inability to distinguish self from nonself 

(Figure 9). The ACT mechanism works equally well at the T cell and antibody levels 

(Figure 10).

Recently, Pendergraft and Preston have suggested a modified version of ACT in which 

autoimmunity is induced by pathogenic antigens that mimic antisense proteins (Figure 11) 

[187–191]. Antisense proteins are proteins that would be encoded by naturally occurring 

antisense RNAs or, more basically, by the non-coding strand of DNA that is complementary 

to any given exon. According to some investigators, antisense proteins are molecularly 

complementary to their sense proteins and are capable of binding directly to each other [192, 

193]. A pathogen that expresses a protein that is an antisense mimic to a host protein could 

therefore produce antigenic complementarity that could, either directly, or by means of 

antiidiotype antibodies, result in the same consequences as ACT.

One feature distinguishing ACT from other theories of autoimmunity is that it interprets 

adjuvant effects in the induction of autoimmune disease as resulting from specific antigenic 

complementarity rather than as non-specific inflammatory agents or innate TLR events as in 

BET. In ACT, adjuvants are not non-specific immune potentiators of an antigen in the 

induction of autoimmune disease; rather the so-called “antigen” and so-called “adjuvant”, 

because they induce molecularly complementary immune responses, are co-activators of 

each other’s immune responses. Each acts as a specific “adjuvant” for the other, but for no 

other antigen. Immunological complementarity drives a synergistic, positive feedback 

system of immune activation. In other words, each antigen acts as a specific adjuvant for the 

other. There are no nonspecific bystander effects according to ACT. ACT maintains that 

only specific infections or agents that display complementarity can act as triggers for any 

particular complementary antigen.

The ACT mechanism explains why the “adjuvant” in specific antigen-adjuvant pairs is 

rarely substitutable. Contrary to BET, ACT argues that the factor initiating autoimmunity is 

not simply cytokines or lymphokines acting in a non-specific manner, but the molecular 

complementarity of antigen and adjuvant. Adjuvants that are not complementary to their 

antigen will produce an immune response but not autoimmune disease. Complementarity 

between antigens (or between antigen and “adjuvant”) will result in autoimmunity, 

producing costimulation as a concomitant of the dual activation of the mutually-stimulating 

immune responses.
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ACT has been applied theoretically to understanding a number of autoimmune diseases 

including EAE [185, 186, 194–200], idiopathic thrombocytopenia purpura [201, 202], and 

autoimmune myocarditis [81].

ACT applies to the induction of autoimmune myocarditis in the following manner. Both 

cardiac myosin [8, 53] and cardiac actin [170, 171] are capable of inducing autoimmune 

heart disease when inoculated with appropriate adjuvants. GAS is associated with the 

development of valvulitis and GAS mimics cardiac myosin. CVB is able to induce 

autoimmune myocarditis when inoculated with damaged cardiac tissue, and CV mimics 

cardiac actin. Cardiac myosin and actin are molecularly complementary, their combination 

forming active actomyosin. It follows that GAS, which mimics myosin, and CV, which 

mimics actin, must have complementary antigens. In fact polyclonal antibodies against 

cardiac myosin precipitate polyclonal antibodies against actin; polyclonal antibodies against 

CVB recognize cardiac actin and vice versa; and polyclonal antibodies against GAS 

recognize cardiac myosin and vice versa. Most importantly, polyclonal antibodies against 

GAS precipitate polyclonal antibodies against CVB [81]. In other words, idiotypic CV 

antibodies act like antiidiotypic antibodies against GAS antibodies; and idiotypic GAS 

antibodies act like antiidiotypic antibodies against CV antibodies. In short, CV and GAS 

have all of the characteristics of being complementary antigens as predicted by ACT (Figure 

12). Pearce [203] and Kogut et al. [204] demonstrated experimentally that combinations of 

CVB with GAS produced much more severe viral infection and myocarditis in far greater 

numbers of mice and rabbits than did either infection alone. CV and GAS, in short act both 

as antigens and as “adjuvants” for each other.

Another experiment also suggests that antigenic complementarity could be involved in the 

induction of autoimmunity. CVB is molecularly complementary to its receptor CAR. Dörner 

et al. demonstrated that antibodies against CAR can reduce CV infection [205], and 

Goodfellow et al. that soluble CAR also blocks CV infection in culture [206]. What 

surprised Dörner et al. was that inoculating mice with a combination of soluble CAR with 

CV resulted in greatly enhanced myocarditis despite the significantly lower infectivity of the 

virus [205]. As Dörner et al. conclude, the presence of soluble CAR (a potential antigen) 

clearly enhanced CV antigenicity increasing myocardial inflammation. These results are 

difficult to reconcile with theories of autoimmunity other than ACT. But there could be an 

alternative explanation for these findings. When CAR is not available for CV to use it could 

use other receptors [87, 88]. In our experience, when CAR is not used as a receptor viral 

replication in the heart is lower but inflammation is far more severe (80% vs. 10%) [12, 15].

Finally, evidence for antigenic complementarity in the induction of autoimmune disease also 

comes from Matsumoto et al.’s experiments on epitope spreading [65]. Lewis rats inoculated 

with peptide fragments of cardiac C-protein in CFA developed acute cardiac inflammation 

but no chronic autoimmunity. In contrast, animals inoculated with a combination of cardiac 

C-protein/CFA with antisera went on to develop chronic autoimmunity and DCM. The 

limitation of these experiments, like those involving CVB3-plus-CAR is that they are quite 

artificial and unlikely to mimic natural mechanisms by which human autoimmune disease is 

induced. If ACT is correct, then it will need to be implemented via naturally occurring 

complementary antigen mixtures such as the CVB3-GAS combination mentioned above.
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If ACT is causing autoimmune disease many experiments previously described in this 

review would need to be reinterpreted, especially the evidence supporting AIT, MM theory 

and BET. According to ACT all of the evidence for the theory of MM is correct, but 

incomplete. Single molecular mimics should, according to ACT, be incapable of inducing 

autoimmunity on their own (without adjuvant) as is the case. ACT reinterprets “adjuvants” 

as being complementary antigens, which would explain why one adjuvant can rarely be 

substituted for another in EAM (or any other experimental autoimmune disease). ACT also 

reinterprets evidence supporting AIT to suggest that what are often described as anti-

idiotype antibodies are actually complementary idiotypic antibodies.

ACT also suffers from some of the same inadequacies of the theories that it incorporates. 

For example, what is the functional definition of an “anti-idiotype” or a “molecular 

complement”? Since ACT depends on MM, what functionally defines a molecular mimic? 

In the absence of such functional definitions, ACT, like the AIT and theory of MM, remains 

ambiguous and difficult to evaluate.

Each of these differences between ACT and other theories of the causes of autoimmune 

disease provides specific predictions that can be tested to differentiate between the theories. 

None of these tests have yet been carried out, leaving the theory without substantial 

experimental support. Moreover, the original application of ACT to myocarditis is probably 

incorrect in identifying cardiac myosin and actin as the primary pathogen mimics that are 

targeted to initiate disease. As noted in the discussion of HAT, actin and cardiac myosin are 

unlikely to be available to the immune system until cellular damage has already 

commenced, making mimicry to extracellular proteins such as CAR, DAF, laminin, collagen 

IV, etc. more likely candidates [80].

Additionally, ACT does not explain why CV infections are associated with myocarditis but 

not valvulitis, while GAS infections are associated with valvulitits but not myocarditis. And 

similar to most other theories, ACT does not explain the requirement for activation of 

specific elements of innate immunity like TLR during disease induction nor does it address 

differences in susceptibility to disease associated with sex.

Finally, there is a general issue that neither ACT nor any other theory of autoimmunity 

adequately address and that is whether myocarditis (or other autoimmune diseases) is 

actually one disease or a spectrum of diseases. Myocarditis, for example, is defined and 

primarily diagnosed histologically. Therefore, it is possible that various inflammatory 

cardiovascular diseases are not single diseases but multiple subtypes of the same disease 

(i.e., myocarditis, valvulitis, atherosclerosis), which are quite distinct at the individual 

patient level. It is possible that different disease phenotypes are caused by distinct agents or 

sets of agents that trigger each disease. It is therefore conceivable that all the possible 

mechanisms for autoimmune disease induction described here occur, but some are more 

common than others. The major clinical question is whether any of the mechanisms/theories 

really reflect clinical disease and what proportion of total myocarditis patients fall into each 

category.

Root-Bernstein and Fairweather Page 25

J Theor Biol. Author manuscript; available in PMC 2016 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mathematical Models of ACT—ACT has not formally been modeled mathematically. 

But it is interesting to note that independent of the specific mathematics used in idiotype-

anti-idiotype models of the immune system, when idiotype and anti-idiotype are 

symmetrically activated (that is to say, when both the idiotype and the anti-idiotype are 

stimulated simultaneously and equally), the system loses the ability to regulate itself [95, 96, 

207]. Since these mathematical models have assumed that idiotype-anti-idiotype interactions 

in a naïve immune system would naturally start from a state of symmetrical activation, the 

failure of the models to produce self-regulated behavior has generally been characterized as 

a failure of the mathematical model [95, 207]. On the other hand, one of the unique 

predictions made by ACT that sets it apart from other theories of autoimmunity is precisely 

that pairs of complementary idiotypes (i.e., the equivalent of idiotype-anti-idiotype pairs) 

will be symmetrically activated, resulting in loss of immunological regulation. Thus, the 

conditions under which previous mathematical models of autoimmunity have apparently 

failed may actually be clues to how a dysregulated immune system leads to autoimmune 

disease. In this case, further mathematical investigation of symmetrical activation of 

idiotype-anti-idiotype (or complementary idiotype) pairs, or of complementary pairs of 

molecular mimics, may be warranted.

Novel Experiments and Clinical Studies—The most incisive test of ACT would be to 

combine two of the main animal models of autoimmune heart disease, experimental 

valvulitis induced by GAS M protein/CFA and the hybrid CVB3 model of myocarditis 

induced by CVB3 and damaged heart tissue. If ACT is correct, then it should be possible to 

produce autoimmune myocarditis with a combination of GAS M protein and CVB3 without 

adjuvant or damaged heart tissue. Neither GAS M protein nor the Nancy strain of CVB3 

induce myocarditis in BALB/c mice on their own (i.e., Nancy strain CVB3 requires 

damaged heart with the inoculation to induce disease in the “hybrid” model). The clinical 

implication of these studies is that people developing rheumatic heart disease or myocarditis 

should be characterized by having specific combinations of infections such as GAS and 

CVB. Similarly, in myocarditis cases associated with smallpox vaccination the individuals 

that develop myocarditis are predicted to have a co-infection at the time of exposure.

ACT can be differentiated experimentally from BET, DTCR, etc. by the specificity of the 

combination of antigens required to induce EAM. An “adjuvant” (e.g., CFA) that can induce 

autoimmune disease with one antigen (e.g., cardiac myosin) should not be replaceable by 

another “adjuvant” (e.g., Klebsiella LPS).

Another prediction of ACT is that some antigens expressed by pairs of inducing pathogens 

should be molecularly complementary to each other. The active agent within an “adjuvant” 

should bind directly to the “antigen”. This prediction is testable using a number of methods, 

including physicochemical techniques and has been demonstrated with nuclear magnetic 

resonance spectroscopy for the complex of muramyl dipeptide adjuvant with the 

encephalitogenic peptide that causes EAE in guinea pigs [195]. Another way to test for 

antigenic complementarity is to perform enzyme-linked immunoadsorption assays (ELISA) 

or Ouchterlony immunodiffiusion experiments to determine whether antibodies against one 

antigen or pathogen bind specifically to antibodies against another [81]. Alternatively, TCR 

sequences specific to the potential pathogen pairs can be synthesized and the ability to 
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recognize each other determined [200]. None of these experiments should be successful 

according to other theories.

1.4.8 Co-infections, co-exposures, damaged self and timing

Experimental autoimmune models like EAM reveal that damage to self or availability of 

self-peptide to stimulate the innate immune response must occur at the same time (day 0) as 

the infection or adjuvant. If adjuvant is provided earlier or later than self-peptide 

autoimmune disease does not develop. Most discussions on the role of infections, and 

particularly viruses, in triggering autoimmune disease posit that infections cause damage to 

the tissue as well as stimulating the immune response and that this release of self-peptide 

could lead to autoimmune disease. However, the timing of the events does not coincide. Day 

0 of infection does not coincide with release of damaged self, which for most infections 

occur about 5–7 days later. In the case of CVB3, Nancy strain alone is unable to induce 

myocarditis but requires damaged heart tissue to be inoculated at the same time as the 

infection to induce disease [8]. This “timing” issue indicates that two coinciding stimuli are 

necessary at time zero. One explanation could be that a co-infection is needed, with one 

infection providing the damaged self at the same time as the other infection activates the 

innate immune response. Or a chemical or drug co-exposure could release damaged self-

tissue just as the individual gets an infection. The requirement for exact timing of 

presentation of damaged self and infectious or adjuvant stimulation of the innate immune 

response could explain at least in part why common infections do not often lead to 

autoimmune disease. An additional constraint could be that particular innate activation is 

important for certain autoimmune diseases to occur, like TLR4 and the inflammasome for 

myocarditis, and so precise timing and a precise stimulus would reduce the incidence of 

disease. A requirement for MM or antigenic complementarity to induce disease could 

provide an additional constraint.

Mathematical Models of Co-Infections, Timing, Etc—We know of no models that 

incorporate the need for co-exposures of antigen-adjuvant, why timing of inoculations with 

antigen and adjuvant should matter, etc. These are phenomena that are badly in need of 

theoretical modeling in autoimmunity.

Novel Experiments and Clinical Studies—This idea requires further study in animal 

models as there are virtually no publications examining re-infections, co-infections, co-

exposures or the importance of “timing” in myocarditis or other autoimmune diseases. 

However, there is some indication that CVB3 and GAS co-infections occur at the same time 

in some patients [128, 204, 208–211]. Additionally, patients with viral myocarditis have 

been found to be infected with multiple cardiotropic viruses [154, 155, 212]. One of the 

challenges in determining whether co-infections or co-exposures occur in patients is that 

they may occur weeks or months (possibly years) before the clinical symptoms occur, and so 

it is difficult to examine this issue clinically. Perhaps advances in identifying infectious 

“signatures” from molecular screening of the microbiome could be applied to the study of 

infectious or other environmental exposures and autoimmune diseases. One important 

consideration about co-exposures or co-infections as a cause of autoimmune disease is that 
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they do not necessarily require molecular crossreactivity or antigenic complementarity to 

induce disease.

1.5 Sex differences in autoimmune diseases and theories

One major gap in all theories and mathematical models for the causes of autoimmune 

disease is the lack of analysis of the reasons for sex differences in disease prevalence and 

severity (Table 2). It is well recognized and substantiated by epidemiological data that all 

major autoimmune diseases occur more frequently in one sex or the other [213–216]. 

Autoimmune diseases with a recognized sex difference in women compared to men include 

multiple sclerosis (2:1), dermatomyositis (2:1), rheumatoid arthritis (3:1), systemic sclerosis 

(4:1), autoimmune hepatitis (6:1), Graves’ disease (7:1), SLE (9:1), Sjogren’s syndrome 

(9:1), and Hashimoto’s thyroiditis (20:1) [213, 214, 216]. Autoimmune diseases that occur 

more frequently in men compared to women include myocarditis (2:1) and idiopathic 

pulmonary fibrosis (11:7) [16, 216]. Understanding the role of sex hormones on immune 

function and inflammatory diseases is an emerging area of investigation. Critically 

important is the realization that every organ, cell, and perhaps antigen has a sex [217]. At the 

least, antigens are recognized in the context of the sex of the antigen presenting cell (Table 

2).

An unresolved question is why most autoimmune diseases occur more frequently in women 

than men. It is well known that immune responses to antigens differ between men and 

women. For example, women respond to infection, vaccination, and trauma with increased 

antibody production [218–221]. Although increased antibody levels protect women from 

infections, they also increase the risk of developing autoimmune diseases. Estrogen activates 

B cells resulting in increased levels of antibodies, autoantibodies and ICs, while androgens 

decrease B cell maturation, reduce B cell synthesis of antibody and suppress autoantibody 

production in humans [222–224]. Sex steroid hormone receptors such as estrogen receptor 

(ER)-α, ER-β, and the androgen receptor are expressed on the cell surface as well as 

intracellularly in immune cells. Likewise, cytokine receptors like IL-1R are found on classic 

hormone-producing tissues, indicating bi-directional regulation of the immune response 

[225]. Collectively, data support the idea that estrogen elevates autoantibodies, Th2 

responses, and promotes fibrosis by stimulating profibrotic IL-4, TGFβ, and fibroblast 

growth factor, all of which contribute to the increased incidence of autoimmune diseases in 

women (Table 2) [12, 16, 216, 222, 226, 227]. In contrast, androgens increase the cell-

mediated arm of the immune response associated with elevated Th1- and Th17-type immune 

responses (Table 2) [12, 16, 216]. Large differences in the direction of the immune response 

to the same antigens/infections in the context of sex are due to 100’s or 1000’s of genes that 

are differentially regulated by estrogen vs. androgen response elements. Although sex 

hormone receptors on/in cells of the adaptive immune response also influence immunity, the 

greatest impact of sex hormones is in initiating immune responses to antigens during the 

innate immune response [16, 216]. The role of sex hormones in influencing the pathogenesis 

of myocarditis and DCM has recently been reviewed [see 16, 228, 229].

All major theories and mathematical models concerning the mechanisms by which 

infections or other environmental agents could cause autoimmune diseases need to address 
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the issue of sex differences. Why would exposure of a hidden antigen, cross-reactive 

epitope, or molecular complementarity promote autoimmune disease in predominantly one 

sex? EST and BET have less difficulty addressing how sex differences could fit their 

theories, although most investigators have not tried to explain sex differences in light of 

their theory. It is fundamentally important that new and revised theories of autoimmune 

disease incorporate an explanation for sex differences into their theories if researchers are 

going to be able to make a meaningful impact on clinical disease.

1.6. Summary of differences between and comparisons of theories

The eight theories of autoimmunity summarized in this review share some features and 

differ in others. All agree that infectious triggers are critical components of disease 

induction but differ on the antigenic relationship of infection to the tissue targeted. HAT, 

BET and EST posit no direct antigenic relationship (i.e., crossreactivity or antigenic 

complementarity) between infection and host target other than co-localization of a damaging 

immune response within the target tissue. Presumably, the focus of autoimmunity is 

determined by the tissue specificity of the inducing microbial agent.

AIT, MM theory, DTCR, and ACT all assume, on the other hand, some sort of specific 

relationship between the disease agent triggering autoimmunity and the target of 

autoimmune disease. AIT and ACT share the assumption that a disease agent 

complementary to the targeted host tissue must be present. MM theory, DTCR and ACT all 

share the assumption that a disease agent mimicking a host tissue antigen must be present.

BET, DTCR and ACT differ from the other theories of autoimmunity in proposing that 

autoimmunity requires two agents or co-exposures. BET hypothesizes that the second agent 

can be anything that causes significant cytokine production. DTCR hypothesizes that the 

second agent is whatever will trigger a self-reactive T cell bearing dual TCRs, one of which 

is autoreactive. ACT hypothesizes that the second agent must be antigenically 

complementary to the “primary” trigger and either a complement or mimic of a host antigen.

While all non-infectious animal models of myocarditis and rheumatic heart disease (and 

most other autoimmune diseases) that have so far been developed require some sort of 

“adjuvant”, only two of the theories explicitly address the role of “adjuvants” in disease 

induction, BET and ACT. BET attributes non-specific tissue damage to bystander infection. 

ACT requires a pair of molecularly complementary co-infections that act as “co-adjuvants”. 

ACT directly addresses the issue of why the “adjuvant” effect in autoimmune disease 

models appears to be antigen specific; BET does not.

The question of how “self” tolerance is abrogated in autoimmune disease is also one of the 

key features differentiating theories of autoimmunity and their mathematical models. HAT 

and EST share the general assumption that autoimmunity is mainly directed against 

inaccessible antigens to which the immune system is not tolerized and that autoimmunity 

results from tissue damage or infection that exposes these antigens. The difficulty with HAT 

and EST is that they do not explain why neither physical damage (e.g., heart attacks and 

surgery) nor the vast majority of CVB and GAS infections result in autoimmune disease.
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Neither AIT nor MM directly address how tolerance is abrogated. Given that GAS and CVB 

each use multiple cardiomyocyte receptors and have proteins that mimic multiple cardiac 

proteins, it would seem logical from AIT and MM that anyone with a cardiac infection 

involving either pathogen would develop autoimmune disease unless other factors determine 

susceptibility. Genetics is one determinant of susceptibility, of course; the other factors that 

are sometimes called upon to explain why autoimmunity is so rare include T cell bypass, B 

cell-T cell mismatch, and incomplete clonal selection/deletion. While such stochastic 

mechanisms may indeed underlie susceptibility to autoimmune disease, they are not 

amenable to experimental investigation or clinical study which makes them less than 

satisfactory explanations. In addition, the fact that essentially every animal in an 

experimental protocol can be made to develop autoimmune disease with the right mixture of 

antigen and “adjuvant” argues strongly against random failures in deletion mechanisms as 

key events governing whether an animal (or person) develops autoimmune disease.

BET, DTCR, and ACT provide a different approach to understanding abrogation of 

tolerance. Each assumes that autoimmunity (as opposed to autoimmune disease) is a normal 

immunological function that is held in check by various mechanisms such as regulatory T 

cells, idiotypic networks, etc. DTCR postulates, in addition, that because multiple TCR or 

BCR are expressed on dual-affinity lymphocytes, there are too few of the highly active 

receptors to activate the deletion mechanism. The result for each theory is a pool of well-

regulated, low-activity, but potentially highly reactive T and B cells. BET proposes that 

tolerance is broken when a bystander infection induces activation of autoreactive clones. 

DTCR proposes that infection with the antigen activating the co-expressed receptor on dual-

affinity TCR and BCR also activates expression of autoreactivity. And ACT proposes that 

autoimmune disease follows from the co-adjuvant effect of being infected by pairs of 

complementary infections, whose mimicry confuses the immune system’s ability to 

differentiate “self” from “nonself”. The shared feature of these three theories is that 

autoimmune disease requires multiple concurrent stimuli or co-exposures.

Thus far, mathematical models of the eight theories discussed in this paper have failed to 

enlighten the issue of how tolerance is abrogated in autoimmunity. As noted above, there are 

mathematical models for five of the eight theories, each based on a different set of 

assumptions. Unfortunately, the mathematical modeling community has not yet compared 

these assumptions nor worked through their implications in a systematic manner. The 

models of each theory therefore provide little insight as to what needs to be done to select 

among the theories, or develop a more integrative, synthetic theory.

We must emphasize that although we have analyzed each of the theories of autoimmunity 

and their mathematical models separately here, it is also possible to mix and match them. 

Thus, a number of investigators have combined the theory of MM with BET and/or DTCR 

to provide a mechanism by which MM only rarely produces autoimmune disease. Similarly, 

ACT is, in some senses, a combination of AIT, MM theory and BET in which idiotypic, 

anti-idiotypic and “adjuvant” effects all play out simultaneously.

Specific testable differences between these theories for induction of autoimmune disease can 

be found in their implications for etiology, epidemiology, timing of antigen presentation, the 
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role of circulating ICs in disease, and the role of innate immunity. One failure of all of the 

theories of autoimmunity analyzed here is that none addresses sex differences in disease 

susceptibility, which poses a general challenge to the entire field.

1.7 Etiological and epidemiological predictions

The theories and their mathematical models can be divided into two classes of etiologies. 

One set (HAT, EST, AIT, MM theory) are mono-causal, which is to say that they are based 

on the assumption that a single antigen is both necessary and sufficient to induce 

autoimmune disease in genetically susceptible individuals or animals. The rest of the 

theories (BET, ACT and DTCR) are multi-causal, which is to say that they are based on the 

assumption that two or more immunological agents are required to induce autoimmune 

disease in genetically susceptible people and animals. The multi-causal theories can, in turn, 

be divided into those that require non-specific immunological enhancement of the response 

to the primary antigen (BET and DTCR) and those that require a specific pair of 

complementary antigens (ACT). The requirement for adjuvants in the induction of animal 

models of myocarditis and valvulitis and many other models of autoimmune disease would 

seem to argue for a multi-causal etiology.

These etiological differences lead to important differences in the predictions the two classes 

of theories make about the epidemiology of myocarditis. The mono-causal theories predict 

that the incidence of myocarditis would be a direct function of the number of genetically 

susceptible individuals in the population and their probability of acquiring an infection 

capable of triggering autoimmune disease. In contrast, the multi-causal theories predict that 

the incidence of myocarditis would be a function of the number of susceptible individuals in 

the population and their probability of acquiring two or more simultaneous infections 

capable of inducing autoimmune disease. In general, then, multi-causal theories predict that 

myocarditis should be far less prevalent (probably by several orders of magnitude) than 

mono-causal theories. Since only very small fractions of people infected with GAS or CVB 

develop rheumatic heart disease or myocarditis, respectively, epidemiological data seem to 

favor a multi-factorial etiology.

Notably, the issue of monocausality versus multifactorial causality of myocarditis has been 

debated for almost fifty years. Burch raised the question of why most cases of GAS and 

CVB co-infections do not subsequently develop autoimmune disease [see also 81, 230], first 

postulating the possibility that rheumatic heart disease or myocarditis may be due to 

multifactorial processes [231–233]. Additionally, Pongpanitch et al. reported that 14 of 15 

rheumatic heart disease cases were co-infected with CVB identified by viral deposition on 

the heart valve, while control hearts did not have deposition [234]. Other studies found 

similarly significant increases in CVB3 or CVB4 antibody titers among rheumatic heart 

disease patients compared with controls or other direct evidence of co-infections [208, 235–

237]. Some studies have also found a strong, but not statistically significant, correlation 

between rheumatic heart disease and the presence of CVB infections [209, 210, 238]. 

Conversely, in studies that have looked for more than one infection in patients diagnosed 

with CVB-associated myocarditis, 65–80% presented with a concurrent GAS infection [128, 

204, 211].
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In addition to the observation of combined GAS-CVB infections, between 12% and 25% of 

patients with viral myocarditis have been found to be infected with multiple cardiotropic 

viruses including varicella zoster, adenovirus and parvovirus B19 [154, 155, 212]. EBV 

DNA was also isolated from the heart of patients with rheumatic heart disease, but EBV 

antibody titers were not significantly associated with disease, nor were titers of antibodies 

against hepatitis B virus, hepatitis C virus, rubella virus, or herpes simplex virus group 1 

[230]. In other words, the GAS-CVB combination may be a common one associated with 

cardiac autoimmunity, but is unlikely to be the only important co-infection/co-exposure 

combination.

To the extent that autoimmune disease is caused by combined infections, then theories such 

as BET, DTCR and ACT currently have a better chance of providing explanatory 

frameworks than do the mono-infectious theories. On the other hand, the existing data also 

seem to indicate that not just any infection can promote autoimmune heart disease, so that, 

just as has been observed in animal experiments using adjuvants, some specificity of co-

infection or exposure seems to be necessary.

Experimental models of autoimmune heart disease also provide tentative support for a multi-

infectious etiology. Kogut et al. demonstrated in mice that combined infections of GAS with 

CVB were far more likely to produce greater viral replication and damage in the heart [204]. 

Pearce showed that while either Streptococcus pyogenes toxins or CVB infections could 

independently cause small percentages of rabbits to develop minor myocarditic lesions, a 

combination of the two produced severe lesions in nearly 100 percent of animals [203, 239]. 

Taken in conjunction with other animal studies demonstrating that streptococcal antigens 

and CVB in the absence of heart tissue or adjuvants fails to induce valvulitis or myocarditis, 

these combined GAS-CVB studies provide a strong rationale for further studies of combined 

infections. One caveat is that there may, of course, be combinations of infections other than 

GAS with CVB that produce myocarditis, since CMV, EBV, VZV, smallpox and other 

pathogens are also associated with myocarditis. One limiting factor may be that the 

combinations of infections will likely involve pairs of cardiotropic pathogens regardless of 

which theory turns out to be the best explanation for autoimmune myocarditis. Another area 

that needs to be investigated is the effect of co-exposure of chemicals and infections on the 

induction of myocarditis and other autoimmune diseases [240].

Multifactorial theories of autoimmune disease have several clinical implications. One is that 

new studies focused on the possibility of combined infections in people at risk for 

autoimmune diseases are needed. One outcome is that these studies will bolster current 

mono-factorial approaches by demonstrating absence of concurrent infections. If not, such 

studies will identify particular combinations of infections associated with particular 

autoimmune diseases. Such identification may, in turn, lead to the development of animal 

models that better mirror the human etiology of autoimmune diseases and so provide new 

clues for prevention and treatment. The evidence that rheumatic heart disease and 

myocarditis can involve combinations of GAS with CVB yields one final clinical possibility, 

which is that myocarditis may be preventable or treatable in at least some CVB-infected 

individuals with antibiotics.

Root-Bernstein and Fairweather Page 32

J Theor Biol. Author manuscript; available in PMC 2016 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The possibility that the etiologies of rheumatic heart disease and myocarditis are 

multifactorial has one final implication of great importance. Except for the handful of 

experiments just described, all attempts to model autoimmune diseases in animals have 

proceeded in accordance with Koch’s postulates, which explicitly assume monocausality. If 

autoimmune diseases turn out to be multi-causal, then a different set of postulates are 

required to prove disease causation. It will be necessary to demonstrate that individual 

infections or antigens are not sufficient to cause autoimmune disease and that combinations 

of them or co-exposures are. In addition, if autoimmune diseases do, in fact, require co-

infections or exposures, then using animals from genetically identical strains it should be 

possible to inoculate one set of animals with one infection or exposure (which will not 

develop autoimmune disease), another with the other infection or exposure (which will not 

develop autoimmune disease), and then produce the autoimmune disease in a third set of 

animals by passive transfer of lymphocytes and/or antibodies obtained from both exposures.

1.8 Conclusions

We conclude that there is some evidence supporting all of the theories of autoimmunity that 

we have reviewed here; that most experimental and clinical data are open to more than one 

interpretation according to different theories; and that no single theory accounts for all of the 

clinical and experimental evidence. New, more comprehensive theories and mathematical 

models are needed. Table 2 summarizes the main challenges that a new theory will need to 

resolve. A major challenge will be to break the current pattern of each investigator 

attempting to gather data that supports their particular theory, and to begin the much more 

difficult quest to develop critical models, experiments and clinical observations that can 

differentiate between theories. Even more important will be the search for theories that 

integrate the very extensive data that now support one or more existing theories with the 

equally extensive set of anomalies and phenomena that do not support current theories. 

Perhaps the most important of these phenomena involve the very low rates of incidence of 

autoimmune diseases following exposure to common environmental triggers; the role that 

innate immunity plays in determining the effect of environmental triggers; how biologic sex 

skews disease risk; and how host tolerance is abrogated as a result of the concatenation of all 

of these factors. This will not be a simple challenge to address, but it is one that is much 

more likely to be achieved successfully if investigators with opposing views work together. 

This will also require new mathematical modeling approaches for exploring multifactorial 

etiologies as a cause of autoimmune disease.
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Highlights

• Clinical and experimental evidence support some aspects of all theories

• Critical comparative studies differentiating between theories and models needed

• Theories monocausal but animal models suggest multi-factorial cause of disease

• Theories do not adequately explain adjuvant, innate immunity or sex differences

• New synthetic theory needed integrating anomalies, innate and adaptive 

immunity
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Figure 1. Hidden Antigen Theory (HAT)
Left: Some antigens (black pentagons) are sequestered within cells or tissues that are 

inaccessible to the developing immune system so that their corresponding T cells are not 

deleted or tolerized. Tissue damage or infection (black dots) activates an immune response 

(stellated cells). Center: Cellular or tissue damage releases hidden antigens, which provoke 

a second immune response (antibody shapes). Right: Autoimmune attack directed at the cells 

harboring the hidden antigens. The tissue damage or infection that provoked the release of 

hidden antigen is likely to be resolved long before the autoimmune effects are observed and 

the initiating cause therefore remaining obscure [40, 41].
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Figure 2. Anti-Idiotype Theory (AIT)
Viruses and other microbes (white stellate forms) utilize molecularly complementary cell 

surface receptors (black pentagons) in order to target specific cell types. Some idiotypic 

antibodies (Id Ab) against such microbes will be complementary to the microbial ligands 

used to target infection. Such idiotypic antibodies will therefore mimic the cell surface 

receptors. Autoimmune disease may arise if the idiotypic antibodies induce an anti-idiotypic 

response (Anti-Id Ab) because the anti-idiotypic response will mimic the microbial ligand, 

therefore attacking the cell surface receptors [74, 89].
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Figure 3. Similarity between Coxsackievirus and Adenovirus Receptor (CAR) and Human 
Cardiac Myosin (MYH6)
A similarity search using LALIGN reveals that CAR has multiple regions mimicking 

cardiac myosin (two of which are shown) so that putative anti-cardiac myosin antibodies in 

CVB3-induced myocarditis may originate as anti-idiotypic antibodies directed at CAR, as 

predicted by AIT. According to the anti-idiotype theory (AIT), a coxsackievirus infection 

might lead to the production of anti-idiotype antibodies that mimic the receptor it uses to 

infect heart tissue (see Figure 2). One of these receptors is CAR. No evidence of antibodies 

against CAR have been reported in myocarditis, but we suggest that perhaps antibodies have 

been misidentified as anti-cardiac myosin antibodies since CAR shares significant 

similarities to cardiac myosin and anti-cardiac myosin antibodies are common in 

myocarditis [80, 81].
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Figure 4. Molecular Mimicry (MM) Theory of Autoimmune Disease
Many microbial proteins mimic host proteins resulting in epitope mimicry. Antibodies or T 

cells activated against a microbial epitope may therefore share weak affinity for the 

corresponding host epitope so that infection may induce autoimmune disease directed at 

cells displaying the epitope mimic [28, 97–102, 135].
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Figure 5. Molecular (or Epitope) Mimicry of the Streptococcal M Protein for Human Cardiac 
Myosin
Cunningham et al. demonstrated that the M protein of group A streptococci has many 

significant regions of homology with human cardiac myosin (of which only one is displayed 

here), that this sequence mimicry translates into immunologic cross-reactivity between the 

epitopes, and that such epitope mimics can be used (with CFA) to induce an animal model 

of EAM [53, 111–113].
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Figure 6. Molecular (or Epitope) Mimicry of Coxsackievirus B3 for Human Cardiac Actin
One of many similar protein sequences shared by coxsackieviruses with human cardiac actin 

that may also act as epitope mimics in autoimmune myocarditis [80, 81].
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Figure 7. Modified Version of Molecular Mimicry (MM) Theory
One of the difficulties faced by the theory of molecular mimicry as it is applied to 

autoimmune myocarditis is that cardiac myosin is effectively a hidden antigen (see HAT, 

Figure 1), represented here by “Self Protein 2”, which should not be “visible” to the immune 

system. In order for the immune system to attack a hidden antigen such as cardiac myosin, 

the cells harboring it must be damaged. One way to create such cellular damage is by a viral 

infection. Another way is if there is a second cell surface protein (“Self Protein 1”) that 

mimics both the microbial trigger of the disease as well as the hidden antigen. In this 

modified version of MM, the immune response (antibody shapes) initiated by the microbe 

will cross-react with the cell surface host protein (“Self Protein 1”) damaging the cell and 

releasing the more antigenic hidden host protein (“Self Protein 2”). Thus, molecular 

mimicry between GAS and the coxsackievirus and adenovirus receptor (CAR) (Figure 3) 

could initiate an attack on cardiomyocytes resulting in damage that releases cardiac myosin; 

the similarities between GAS, CAR and cardiac myosin would then drive the subsequent 

autoimmune disease process.
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Figure 8. Dual TCR (DTCR) Theory of Autoimmunity
Some T cells display more than one T cell receptor (TCR) so that they can be activated by 

more than one antigen. Activation of a T cell by a microbe and subsequent production of 

antibodies could therefore inadvertently initiate activation of an unrelated immune response 

that crossreacts with host tissues [28, 135, 178].

Root-Bernstein and Fairweather Page 54

J Theor Biol. Author manuscript; available in PMC 2016 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. Antigenic Complementarity Theory of Autoimmunity (ACT)
The antigenic complementarity theory postulates that autoimmunity results from co-

infection with pairs of pathogens, at least one of which mimics a host protein [185–191, 

202]. On the left, Microbe 1 has antigens that are molecularly complementary to antigens on 

Microbe 2. The antigens on Microbe 1 induce Antibody 1 (Ab1). The antigens on Microbe 2 

induce Antibody 2 (Ab2). Because of the antigenic complementarity, Ab1 will be 

complementary to Ab2, which is to say that these two idiotypic antibodies will act as if they 

are an idiotype-anti-idiotype pair (see Figure 2). Thus, at the center, Ab1 will bind to both 

Microbe 1 and Ab2, while Ab2 will bind to both Microbe 2 and Ab1, thus producing 

circulating immune ICs. If, in addition, either Microbe 1 or Microbe 2 mimics a host protein 

(center top and bottom), then the antibodies induced by the microbes will also target these 

host proteins (right), just as is the case in Molecular Mimicry theory (see Figure 4). Thus, 

ACT combines basic elements of AIT with MM. ACT, however, also suggests a mechanism 

by which tolerance is broken in autoimmunity, which is that each idiotypic immune 

response mimics both a host and a microbial antigen so that the immune system itself 

becomes “confused” as to what is “self” and “nonself” and engages in an internal 

immunological civil war (center). Another unique prediction of ACT is that the molecular 

targets of autoimmune disease will themselves be complementary (center right).
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Figure 10. Antigenic Complementarity Theory Applied to T Cell-Mediated Autoimmunity
The same logic just outlined in Figure 9 with regard to antibody-mediated autoimmunity can 

also be applied to explaining T cell-mediated autoimmunity provoked by pairs of microbes 

bearing complementary antigens. The result will be to induce pairs of T cells bearing 

complementary T cell receptors (TCR-1 and TCR-2) that will act as if they are idiotype-anti-

idiotype pairs. Such complementary idiotypic T cells will attack each other, forming 

perivascular cuffs or other cellular aggregates (the cellular equivalent of circulating ICs). If 

the antigens mimic host proteins, then these complementary T cells will also attack the host 

tissue. As in Figure 9, ACT predicts that autoimmune disease begins with an immunologic 

civil war.
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Figure 11. Antigenic Complementarity Theory 2 (ACT2)
Preston and Pendergraft have proposed an alternative version of ACT in which antigenic 

complementarity is mediated through antisense proteins [187–191]. Every genetically-

encoded protein has, according to antisense protein theory, a complementary protein 

encoded in the complementary (non-coding) strand of DNA. If a microbe displays a protein 

that is an antisense protein to a genetically encoded host protein, and this microbial protein 

also mimics a host protein, then all of the effects outlined above in Figure 9 will follow and 

autoimmunity disease will be initiated against the tissue that encodes the antisense protein 

mimic.
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Figure 12. Antigenic Complementarity in Autoimmune Myocarditis
Root-Bernstein, et al. [81] have provided experimental evidence for most of the key 

assumptions implicit in ACT. This figure summarizes the experimental findings. As noted in 

Figure 5, the M protein of group A streptococci (GAS) mimics cardiac myosin. As noted in 

Figure 6, proteins of coxsackieviruses (CV) mimic cardiac actin. GAS antibodies bind to CV 

antibodies forming immune complexes. GAS antibodies recognize cardiac myosin. CV 

antibodies recognize actin. Actin and cardiac myosin are molecularly complementary to 

each other, forming actomyosin.

Root-Bernstein and Fairweather Page 58

J Theor Biol. Author manuscript; available in PMC 2016 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Root-Bernstein and Fairweather Page 59

Table 1

Theories on causes of autoimmune disease

Theory Description References

Hidden/cryptic antigen Tissue damage releases hidden antigens 40, 41

Epitope spread Multiple epitopes against self needed before autoimmune disease develops 57, 58, 59

Anti-idiotype Cellular receptor targets induce crossreactive autoAbs 74, 89

Molecular mimicry Accidental crossreactivity 28, 97–102, 135

Bystander or adjuvant effect Microbial or cytokine activation of pre-existing autoreactive immune cells 135, 162–166

Dual TCR Non-specific activation of 2nd TCR 28, 178

Antigenic complementarity Multiple infections by microbes that share antigenic complementarity/cross-reactivity 185–191, 202

Co-infection (or co-exposure) Releases self tissue and activates immune response, may involve crossreactivity or 
antigenic complementarity

J Theor Biol. Author manuscript; available in PMC 2016 June 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Root-Bernstein and Fairweather Page 60

Table 2

Issues that need to be addressed in revised theories and mathematical models of autoimmune disease

• Some experimental and clinical evidence supports most theories of autoimmunity

• Data generally support more than one theory; need to develop predictions and tests that differentiate between theories

• Few theories or models of autoimmune disease explicitly explain how host tolerance is abrogated and those that do rarely describe 
the epidemiology and incidence of disease

• New theories and models need to focus on anomalies (verifiable phenomena that do not fit theories)

• AutoAbs, ICs, and autoreactive T cells are not necessarily “defective” but part of a normal healing process to clear and repair 
damaged self: How do triggers transform normal responses to pathogenic ones?

• Damaged self must be presented to antigen presenting cells at the same time (day 0) as an infection, adjuvant or other environmental 
exposure: Why does timing matter?

• Is there a role for recurrent infections in triggering autoimmune disease and if so, how can it be explained?

• How can the relative rarity of autoimmune disease be explained in the context of the relative frequency of putative environmental 
triggers?

• Some epidemiological evidence suggests multi-factorial causes of autoimmunity, but theories and models are generally mono-
causal: what kind of autoimmune theories can explain multi-causal triggering of disease?

• There is general confusion between necessity and sufficiency in use of data to test theories of autoimmunity: theories must be 
comprehensive

• What are the roles of adjuvants in experimental models and how can these roles be explained within autoimmune disease theory?

• Why do so-called adjuvant effects appear to be “specific”, individual adjuvants pairing with particular antigens, activating specific 
TLRs, etc.?

• How can specific innate pathways required to initiate autoimmune disease be integrated with adaptive responses in a more 
comprehensive theory of autoimmune disease?

• No theory or model of autoimmune disease defines a role for sex-dependent susceptibility yet all major autoimmune diseases occur 
predominantly either in men or women.

• Innate activation of self-with-adjuvant or by infection occurs in the context of sex: how can this interplay be explained 
theoretically?

• How can the fact that sex hormone receptors on/in immune cells direct the innate and adaptive immune response to the same 
antigen in different directions (i.e., Th1, Th2 or Th17) be incorporated into autoimmune disease theory and models?

• Finally, and most importantly, can a comprehensive theory of autoimmune disease be developed that predicts novel prevention, 
treatment and therapy options?
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