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Molecular or antigenic mimicry is a term for the similarity of different antigens, which can be confused by the immune system. Antigen recognition by antibodies and T cell receptors is specific, but not restricted to a single antigen. Both types of receptors specifically recognize antigens and are expressed with a very high but still restricted variability compared to the number of different antigens they potentially could bind. T cell receptors only can bind to antigen peptides presented on certain self-MHC-molecules by screening only some amino acid side chains on both the presented peptides and the MHC molecule. The other amino acids of the peptide are not directly perceived by the T cell, offering the opportunity for a single T cell to recognize a variety of different antigens with the same receptor, which significantly increases the immune repertoire. The immune system is usually tolerant to autoantigens, especially to those of immune privileged sites, like the eye. Therefore, autoimmune diseases targeting these organs were hard to explain, unless a T cell is activated by an environmental peptide (e.g. pathogen) that is similar, but not necessarily identical with an autoantigen. Here we describe antigenic mimicry of retinal autoantigens with a variety of non-ocular antigens resulting in the induction of intraocular inflammation. T cells that are activated by mimotopes outside of the eye can pass the blood-retina barrier and enter ocular tissues. When reactivated in the eye by crossreaction with autoantigens they induce uveitis by recruiting inflammatory cells.
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Introduction

The inner eye as an immune privileged site is rarely affected by inflammation. Autoimmune uveitis with a frequency of 0.2% is an uncommon autoimmune diseases. The immune privilege is usually maintained by a number of mechanisms including anterior chamber-associated immune deviation, protective surfaces of intraocular cells, suppressive factors and the blood-retina-barrier (BRB) (1). The latter is impermeable for large molecules such as antibodies and non-activated lymphocytes, sequestering unique intraocular autoantigens from the immune system (2). Therefore, autoimmunity to intraocular antigens was initially hard to explain. Only previously activated lymphocytes are able to pass tissue barriers to screen tissues for potential hidden pathogens and tumor cells. An activation of lymphocytes to retinal autoantigens is only possible in the case of ocular trauma destroying the protective vascular barriers, the premise for the pathogenesis of sympathetic ophthalmia (3). In this condition injury to one eye allows local activation of T cells, which are then enabled to enter the partner eye to initiate a destructive autoimmune response. This is a very rare event. Usually intraocular inflammation occurs without any injury to the eye. Therefore, autoimmunity to intraocular antigens must be initiated by activated T cells, which had their primary antigen contact outside of the eye. This antigen is not an intraocular, but rather a similar, crossreactive extraocular or environmental antigen. This phenomenon of “antigenic mimicry” is postulated to be the initiating event of most autoimmune diseases, and we and others have described a series of molecules and epitopes from pathogens (bacteria, viruses, fungi, parasites) and some harmless nutritional molecules (bovine milk casein) that can serve as primary activating antigens for subsequent induction of uveitis (4–7). Antigenic mimicry leading to crossreactive T cell recognition is based on the manner of antigen peptide recognition by T cell receptors: the receptor molecule does not screen each amino acid side chains of a peptide but only a few amino acids, therefore many different peptides with similar amino acids at a certain position are sufficient for the activation of the receptor (Figure 1) (8, 9). This is a pivotal way to increase the repertoire of antigen recognition with a restricted number of receptors, which is desirable for the defense against pathogens, but less appreciated when antigens from pathogens and autoantigens are confused. Antigenic mimicry exists for T cell as well as antibody recognition (10), here we are focusing on mimicry and T cell responses.




Figure 1 | Hypothesis of the induction of a T cell mimicry response leading to ocular autoimmunity. (A) Outside of the eye in the body (gut)?: A naive T cell has first contact with a non-eye-related antigen. In case of a concomitant danger signal (injury of the tissue, infection) innate antigen-presenting cells (APCs) are activated to induce effector T cell responses. (B) The antigen recognized by the T cell can either be from a pathogen [from infection or a food antigen, see (A)]. If the T cell recognizes harmless food antigen and erroneously receives concomitant activation signals from the APC alerted by danger signals the T cell gets activated and differentiates into a T helper (e.g. here: Th1) cell. (C) Activated T cells migrate in the blood circulation. In search of their antigen they can leave the blood vessels and enter even immune privileged organs like the eye. (D) The triangles represent retinal autoantigen peptides presented on MHC class II. The precise signals of attracting a T cell to a certain organ at a certain site (blood vessel) are still unknown. (E) When the T cell has screened the eye and found an antigen binding to its receptor, it gets reactivated and secretes cytokines and chemokines to recruit inflammatory cells. The intraocular antigen is different to the antigen of the original T cell priming outside of the eye. (F) Innate cells (monocytes/macrophages and/or granulocytes) recruited from the circulation are causing inflammation and tissue destruction resulting in uveitis. (G) Two different peptides presented and recognized by the same HLA molecule and T cell receptor (TCR), despite their restricted homologies. Only the core sequence of 8 amino acids presented in the groove is shown. Identical amino acid side chains are marked by white asterisks, the arrows point to similar side chains representing different amino acids also anchoring to the presenting HLA-molecule or being bound by the TCR.





Mimotopes of Retinal Autoantigens


Environmental Pathogens and Harmless Microbes

In contrast to autoantigens, infections with pathogens, like viruses or bacteria, alert cells of the innate immune system to initiate an adaptive immune response by activating B and T cells. If these pathogens accidentally provide antigen peptides with similarity to autoantigens, crossreactive immune responses can lead to an attack focused on self-antigens expressed by the host tissue. Molecules from pathogens can thus serve as mimicry molecules and activate T cells. After reactivation of these cells by crossreactive ocular antigens they recruit non-specific leukocytes causing inflammation and destruction of ocular tissue. Among these microbial mimicry candidates are proteins from microbiota like E. coli or yeast as well as pathogenic viruses like rotavirus.

In 1989 Singh et al. reported the induction of experimental autoimmune uveitis (EAU) in Lewis rats with a synthetic peptide corresponding to a sequence of E. coli protein and a similarity with 6 aa from a uveitogenic peptide of retinal S-Ag (peptide M, aa303-320). This similarity was sufficient for crossreactivity of T lymphocytes to these peptides in vitro (11).

A synthetic peptide from yeast Histone 3 with a sequence homology of 5 N-terminal amino acids with peptide M was also uveitogenic in rats in a dose-dependent manner and induced similar ocular damage/inflammation as the retinal autoantigen S-Ag or its Peptide M. This mimicry was confirmed by the adoptive transfer of T cells specific for the yeast histone 3 peptide that induced EAU as well (4, 5, 12).

In the follow up a series of peptides were identified with homology to retinal S-Ag, including peptides from Hepatitis B virus, Baboon virus, murine leukemia virus, murine sarcoma virus or potato proteinase IIa. They all induced signs of EAU in Lewis rats upon immunization, but in some cases very high doses (up to 2 mg/rat) were needed. These peptides, defined as pathogenic mimotopes in rats were also capable of inducing a proliferating response in PBMC isolated from S-Ag-immunized monkeys (13).

We showed that a peptide from the outer capsid protein of rotavirus (Rota), a gastrointestinal pathogen, shares amino acid homologies with the uveitogenic retinal S-antigen peptide PDSAg (aa 341-354). It is also able to induce EAU in Lewis rats after immunization and adoptive transfer of Rota-specific T cell lines (Table 1) (6). Rota- and PDSAg-specific rat T cell lines recognize both peptides, PDSAg and Rota, respectively. Rota-induced EAU was indistinguishable from PDSAg-induced disease, but the incidence of uveitis was reduced. Antigenic mimicry of rotavirus and ocular peptide was also shown by enhanced antibody- and T cell responses to both antigens from patients with uveitis compared to healthy individuals (6).


Table 1 | Mimotopes of retinal autoantigen in uveitis.



Bacille-Calmette-Guérin (BCG), a nonpathogenic strain of Mycobacterium bovis, has been used as a vaccine against tuberculosis and as treatment for bladder carcinoma. Uveitis is a known, but rare potential side effect, although BCG does not infect the eye. We therefore postulated antigenic mimicry of BCG proteins with ocular autoantigens to explain ocular inflammation, since we could show that peripheral blood lymphocytes (PBL) from a 70 year old patient, who developed uveitis for the first time after the third cycle of BCG-treatment within 3 years for bladder carcinoma, responded to PPD (purified protein derivative of M. tuberculosis) as well as various ocular proteins and peptides with proliferation and secretion of cytokines including IFN-γ, IL-6, IL-8, TNF-α and MCP-1. T cells clones to directly test crossreactivity were not available from this patient. A data base search identified sequence homologies of several potential epitopes of M. tuberculosis proteins with retinal autoantigens like S-Ag, interphotoreceptor retinoid-binding protein (IRBP) and cellular retinal-binding-protein (cRALBP), suggesting antigenic mimicry (Table 1) (7).

In transgenic as well as in “classic” murine EAU models Horai et al. have demonstrated that commensal bacteria in the gut may contribute to ocular autoimmunity through a molecular mimicry mechanism. Alteration of the gut microbiota may contribute to ocular autoimmunity at several stages: (1) innate microbial stimuli, (2) loss of distinct microbiota producing anti-inflammatory stimuli, (3) presence of pathogenic bacteria disturbing the intestinal barrier and secreting inflammatory mediators, (4) and mimicry of microbiota proteins with autoantigens (14–17). Antigenic mimicry of heat shock proteins (hsp) from gut microbiota and hsp expressed by retinal ganglion cells and axons as a stress response to elevated intraocular pressure has recently been described as a potential cause of chronic progressive destruction of neuronal cells in normal tension glaucoma. The pathogenesis of chronic, low-grade autoreactive T cell responses initiated in the gut and finally acting in the eye is similar to that postulated for autoimmune uveitis (18).

In addition, antigenic mimicry between ocular antigens and antigens derived from (commensal) bacteria, yeast, viruses and parasites might lead to the activation of pathogenic autoreactive immune responses. Subsequent ocular inflammation after infection with Onchocerca volvulus has been proposed as antigenic mimicry between worm proteins and ocular autoantigens; immunization of Lewis rats with recombinant protein (Ov39) from Onchocerca volvulus caused ocular inflammation, and T cells from Ov39-immunized rats responded to an ocular protein (hr44) in vitro. The pathogenicity of Ov39-specific T cells was confirmed by adoptive transfer experiments (19).



Mimicry of Food Antigens

Like the eye, the gut is a tissue with a strong ability to induce tolerance. Soluble protein antigens, for example from food, without providing PAMPs (pathogen-associated molecular pattern) to activate TLR (Toll like receptors) or inflammasomes, usually induce tolerance when they get access to cells of the immune system in submucosal tissues. This phenomenon is called “mucosal tolerance” or “oral tolerance” (20, 21). Oral tolerance is effective systemically. Regulatory T cells induced in the gut are screening the body systemically and prevent activation of effector cells to nutritional antigen. This is necessary, because food proteins are foreign molecules that might not be completely digested to the level of amino acids before being absorbed. As entire intact proteins they could induce adverse systemic immune reactions. Failure of oral tolerance induction could result in food allergies, but in general this mechanism is very reliable and therefore immune reactions to nutritional proteins are rare events, also when the food proteins are mimicking antigens from pathogens or autoantigens. Antigenic mimicry of food antigens and antigens from infectious agents has been described for antibody binding, Vodjani for example demonstrated antibody crossreactivities between Borrelia burgdorferi, Epstein-Barr-virus and rotavirus and a variety of different food antigens, likely induced by the pathogens, but without clinical consequences (22).

We had previously shown antigenic mimicry of a peptide from bovine milk casein (Cas) and peptide PDSAg from retinal S-Antigen (6) (Table 1). We found increased antibody responses to Cas and PDSAg in sera of patients with uveitis compared to healthy individuals, as well as increased T cell responses among PBL of such patients. However, mimicry could not be proven on the level of a single TCR recognizing both mimotopes on the same MHC molecule. Moreover, we could induce experimental uveitis in Lewis rats after immunization with peptide Cas and also transfer disease by Cas-specific T cells. The primary natural contact of the immune system with Cas, as well as with the peptide from Rotavirus (see above), would be in the gut, therefore we have tried to induce uveitis by oral antigen application together with Cholera toxin as Th1-shifting gastrointestinal adjuvant (6). In contrast to the peptides, only the casein protein or bovine milk was able to induce uveitis via the oral challenge. Cas-specific rat T cell lines recognize peptide PDSAg and also the peptide from Rotavirus, and Cas is recognized by PDSAg- as well as Rota-specific T cells.

Normally, a nutritional protein like bovine milk casein should not induce an adverse immune reaction, unless it is accidentally presented in an inflammatory environment, such as during a gastrointestinal infection breaking oral tolerance. On the other hand, bovine milk casein is the typical nutrition of a calf, which has no oral tolerance mechanisms and is a food allergen for human infants, probably having some characteristics to induce immune defense and effector rather than regulatory T cells in humans. Moreover, we have failed to induce oral tolerance with peptide Cas and also with peptide Rota from rotavirus to prevent PDSAg-induced uveitis, while the autoantigen PDSAg itself is a very strong oral tolerogen (6, 23).



Self-Antigens Mimicking Autoantigens

Since antigenic mimicry is only dependent on similar antigenic peptides to induce crossreactive immune responses also the body’s own antigens can mimic each other. Self-antigens usually do not provide “danger” signals to initiate innate and immune effector responses, so they should induce tolerance. We have shown antigenic mimicry of the retinal S-Antigen peptide PDSAg (human S-Ag, aa341-352, FLGELTSSEVATEV) and an oligomorphic peptide from the first domain of HLA-B antigens (B27PD, aa125-138, ALNEDLSSWTAADT) (Table 1). This peptide was originally thought to be specific for the amino acid sequence of HLA-B27 and thus regarded as an explanation for the strong HLA-class I-B27-association with anterior uveitis, despite the dominant role of HLA-class II-restricted T-helper cells in uveitis (24). Later it turned out that the sequence represented by peptide B27PD is found in the first domain of most HLA-B-molecules and thus not specific for HLA-B27. The consequence was that most patients with uveitis bear at least one HLA-B molecule with the sequence of B27PD. Therefore, we hypothesized that this peptide could represent a key mimotope for most types of uveitis. In fact, lymph node cells from PDSAg-immunized Lewis rats as well as lymphocytes from patients with uveitis showed crossreactivity to both, PDSAg and B27PD, in proliferation assays in vitro. However, the HLA-peptide B27PD was only marginally pathogenic after immunization in rat EAU. In contrast, the HLA-peptide B27PD was highly tolerogenic when applied orally to rats prior to induction of uveitis with S-Ag or peptide PDSAg (oral tolerance).

Surprisingly, in rat EAU the oral tolerance-inducing mimotopes were recognized by γδ+T cell receptors and not by αβ+T cells that induce the disease (25). We have shown this by adoptive transfer of tolerance to PDSAg-induced EAU with CD8+γδ+T cells from rats fed with either peptide PDSAg itself or with the mimotope B27PD. Moreover, we have demonstrated the in vitro-proliferation of orally induced γδ+T cells in response to their tolerogen or the respective mimicry peptide. In this case, the αβ+TCR+ effector T cells served as antigen-presenting cells, and the proliferation of the CD8+TCR-γδ+ cells was impeded by the addition of antibodies blocking the peptide-restricted MHC class II-molecule as well as by antibodies blocking CD8 (25, 26).

These findings favored a new hypothesis for natural self-tolerance in the gut, maintained by constant shedding and processing of HLA-molecules from intestinal epithelial cells (e.g. HLA-B molecules with the sequence of B27PD) and inducing mucosal tolerance to self-HLA molecules. This tolerance might be promoted and specified by additional oral application of the peptide B27PD with crossreactivity to the retinal autoantigen, thus leading to therapeutic tolerance in uveitis (27, 28).

Peptides from any self protein, including HLA, can be presented on HLA-molecules and might serve as a constant trigger of self-tolerance for the immune system. Immunomodulatory properties of peptides derived from the sequence of HLA-molecules have also been described by others (29). Due to its high tolerogenic potency and a lack of pathogenicity the peptide B27PD was successfully used as an oral tolerogen for patients with uveitis in a phase 1 therapeutic trial (30–32). However, a following placebo-controlled phase I/II trial with this oral peptide did lack efficacy and was completed early (clinicaltrials.gov-identifier NCT01195948, September 7, 2020).




Discussion

Low-affinity self-reactive T cells are found in the body where these autoreactive T cells are normally controlled. These pre-existing, self-reactive T cells can be activated in response to similar antigens from environmental microbes and/or food and become pathogenic under certain circumstances.

Molecular mimicry of environmental antigens in conjunction with the ability of T cells to escape immune tolerance has been suggested as a potential mechanism for the pathogenesis not only of autoimmune uveitis but also of other autoimmune diseases, including: multiple sclerosis, diabetes mellitus and spondylarthropathies (10).

Retinal autoantigens are sequestered behind the BRB (1, 2) and therefore normally invisible for naïve T cells. Since only activated T-lymphocytes can pass the BRB and enter the eye their primary activation must be extraocular.

The activation of pattern recognition receptors (PRR) by pathogens is a prerequisite for the initiation of an immune response, however, this is lacking for usually tolerizing food proteins. In that situation we proposed a concomitant infection with the presentation of the food antigen (33), leading to an erroneous bystander activation of effector T cells instead of (oral) tolerance induction. For example to orally induce EAU with milk casein we used Cholera toxin for the activation of PRR in the gut-associated lymphoid tissue (GALT) (34).

Interestingly, in addition to peripheral activation, which enables the T cells to pass the BRB, the barrier itself and the passage of the T cells through the barrier seemed to be essential for the pathogenicity of the T cells, since intravitreal injection of autoreactive T cells does not cause inflammation (35).

Autoimmune uveitis is mediated by CD4+Th cells which recognized peptide presented on MHC class II molecules. For an antigen recognition the minimum prerequisite is the binding of the antigen peptide to the presenting MHC molecule and the subsequent recognition of this complex by a TCR. Crossreactivity of antigen peptides could be observed either with partially overlapping consecutive amino acid sequences, identities between ocular antigens and viral or bacterial proteins (4, 5, 11–13, 36) or by discontinuous sequence homologies with amino acids at respective positions to anchor the peptide to the MHC and also to bind to the TCR (6) (Figure 1). The interactions between antigen peptides, presenting MHC and TCR are based on charges of amino acid side chains, hydrogen bonds and complementary structures. Even a peptide with structural homology but not sharing identical/similar amino acids can be sufficient for antigenic mimicry (10, 37), thus complicating the search and definition of mimotopes.

While Wucherpfennig and Strominger could demonstrate antigenic mimicry with similar peptides at the clonal level of T cells (38), a certain T cell might also express a second T cell receptor, one recognizing a foreign peptide and the other a self peptide (39, 40). We have shown a cross-reactivity on the T cell population level (41), but we could not prove the use of a certain single T cell receptor to crossreact with peptides PDSAg, Rota and Cas (unpublished). In that case, we might not have a single T cell receptor recognizing all three peptides, but perhaps several T cells crossreacting with two of the mimotopes, finally resulting in crossreactivity to all three peptides on the population level of T cell lines.

Most peptide mimics were defined for retinal S-Ag in animal models and in humans (5, 6, 11–13, 24, 36). We have demonstrated the proliferative response and cytokine secretion to several ocular autoantigens (IRBP, S-Ag, cRALBP) of PBL from a patient experiencing uveitis as an adverse event after BCG-treatment. Whether this rarely observed recognition of multiple retinal autoantigens is due to mimicry of multiple mycobacterial antigens and several autoantigens or just a broad autoimmune response developing over time by epitope spreading cannot be ascertained (7). Both, intramolecular as well as intermolecular epitope spreading has been described in experimental models of uveitis (42–44).

Autoreactive lymphocytes are not only found in the peripheral blood of patients with autoimmune diseases but also in healthy people (45, 46), indicating that further conditions are required for pathogenicity. We assume that in addition to the presence of autoreactive T cells the target organ itself contributes to the initiation and maintenance of uveitis. In the eye the autoantigen must be expressed and properly processed and presented by local antigen-presenting cells to reactivate immigrating T cells with a corresponding receptor followed by the recuitment of inflammatory cells that finally cause destruction of ocular tissues (18, 47).
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