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Autoimmune diseases are often associated with autoantibodies that abnormally target self-antigens (autoantigens). An intuitive therapeutic strategy for diseases caused by aAbs is to design decoys, or soluble molecules that target the antigen combining site of these aAbs, thereby blocking binding of aAb to self-antigen and subsequent tissue damage. Here, we review the known decoy molecules of these types, discuss newer technological opportunities afforded by monoclonal antibody and structural biology advances, and discuss the challenges to this approach. Recent opportunities relevant to this approach for cardiac phenotypes, specifically Ro-associated long QT syndrome, are discussed.
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Common Autoantigens

Autoantibodies (aAbs) have historically been of interest primarily as diagnostic markers of autoimmune diseases, most notably rheumatologic connective tissue diseases (systemic lupus erythematosus, dermatomyositis, Sjogren’s Syndrome, etc.). As molecular techniques and disease diagnostic criteria have improved, a growing number of autoantigens have been recognized, which can be browsed and analyzed in the aAgAtlas database (1). This database reveals that intracellular nucleic acid binding proteins and signaling molecules are the most likely to behave as autoantigens. Indeed, the historical flagship Ro (SSA) and La (SSB) autoantigens are proteins in these classes. Ro, in particular, was initially identified serologically, but was later found to have two independent components, both of which are autoantigens: SSA/Ro60, a ribonucleoprotein, and Ro52, also called TRIM21, an E3 ubiquitin ligase enzyme. Seropositivity to both these autoantigens is highly prevalent in the general population and often specific for symptomatic connective tissue disease, whereas the sensitivity and specificity of the remaining large list of autoantigens ranges widely from nearly 100% specific for certain diseases (anti-double-stranded DNA, Smith (Sm) antigen) to nearly 100% sensitive for disease (anti-nuclear antigen, ANA). Remarkably, despite this immense body of knowledge on Ro (SSA) and La (SSB) aAbs in human disease, very few molecular mechanisms connecting aAbs to their epitopes and to their disease phenotypes have been unveiled. Indeed, epitope mapping of sera from SSA/Ro60-positive patients with connective tissue disease on the 3D structure of SSA/Ro60 did not reveal a single, convincing immunodominant B-cell epitope, and diagnostic value for any single SSA/Ro60 B-cell epitope (auto-epitope) has not been established (2). This scenario remains true for all the Ro (SSA) and La (SSB) autoantigens. The absence of a molecular connection between aAb and target auto-epitope and subsequent connection between the aAb-autoepitope interaction and disease phenotype clearly has contributed to obfuscating the most direct and intuitive translation of this knowledge into therapy: the decoy approach. Here, we review in further detail the components of the decoy approach and current progress in this direction.



Overview of the Decoy Approach

The aAb decoy therapeutic approach is conceptually straightforward. aAbs are hypothesized to cause a disease phenotype by binding to autoantigens and triggering inflammation. Autoantigens may be soluble and circulating, leading to inflammation via the formation of autoantibody-autoantigen immune complexes (3), or they may be displayed on cell surfaces, potentially targeting autoantibody-mediated inflammation to specific cells and tissues (Figure 1). A soluble molecule that mimics the autoantigen and successfully competes with the native autoantigen for the aAb should prevent this engagement and therefore prevent the inflammation in either scenario. A by-product of demonstrating reversal of the phenotype is that the aAb is proven to cause the disease/phenotype. There are two sub-mechanisms within this scenario: 1) the autoantigen may be obvious (e.g. double-stranded DNA, dsDNA), or 2) the autoantigen may be a cryptic self-molecule and the result of molecular mimicry, namely serendipitous B-cell epitope cross-reactivity between the native autoantigen and the pathogenic auto-epitope (e.g. anti-Ro antibodies and ion channel epitopes).




Figure 1 | Schematic illustrating how decoy peptides can distract pathogenic antibodies from targeting autoantigens.





Koch’s Postulates, as Applied to aabs

The decoy molecule approach to treating aAb-elicited disease necessarily depends on whether aAbs actually cause disease. Conversely, one would expect a decoy molecule to mitigate only the phenotype caused by the aAb and not the broader disease. This is an especially complex issue for autoimmune diseases, as they are almost always a collection of diverse phenotypes and biomarkers, no single one of which is highly predictive of the presence of the disease. A useful conceptual framework to evaluate whether aAbs cause a particular disease phenotype is to apply Koch’s postulates for infectious diseases to the question: namely 1) the aAb must be present with the clinical phenotype; 2) it must be detectable in the blood or tissue; and 3) it must replicate the disease in an experimental model, either an animal or a tissue culture system. Due to the nature of polyclonality of B-cell responses in mammals, a critical further requirement is that the human aAb, which is present with the clinical phenotype and detectable in blood of patients with autoimmunity, must either itself cause the phenotype/disease in an animal or cell or target the same B-cell epitope as any presumably orthologous animal antibody that causes the phenotype/disease in the animal. Notably, this requirement should be more readily met at present than in the past due to advances in molecular structure determination (X-ray crystallography, cryo-EM). In addition, for certain autoantigens such as double-stranded DNA, epitope diversity may be less than for protein autoantigens, and, as such, 3D confirmation may not be necessary. Indeed, Koch’s postulates are arguably met for lupus glomerulonephritis caused by anti-double-stranded-DNA aAbs (anti-DS): anti-DS are present in the blood of patients with systemic lupus erythematosus and lupus nephritis [100% specific, variably sensitive (4)] and a mouse antibody (R4A) causes glomerulonephritis in a mouse model (5), as well as several other autoimmune phenotypes/aAbs (4). However, from a strict 3D structure point of view, the requirement has not been met: e.g. the 3D structure of the complex of a human anti-DS mAb from Lupus nephritis patients has not been proven to bind the same 3D epitope as R4A. Decoy therapeutics, e.g. a molecule that blocks the binding of R4A or human anti-DS to DNA can satisfy Koch’s postulates: if they prevent of ameliorate nephritis, Koch’s postulates are met. This test has been met in the animal (5), but has not yet been clinically proven. Thus, decoy therapeutics can address a major knowledge gap in the field simply by their testing in human subjects afflicted by the phenotype and bearing the aAbs. If the phenotype is ameliorated or suppressed by the decoy, the hypothesis that the phenotype is caused by the aAbs is proven.



3D Structures of Auto-Antigen/aab Complexes

Koch’s postulates emphasize the importance of 3D auto-epitope structure in the causality argument for aAbs in autoimmune disease. However, remarkably few auto-antigen/aAb complexes are available, and none are for cross-reactive epitopes, only native auto-epitopes (Table 1). Collagen-induced arthritis (CIA) represents the best data package to meet Koch’s postulates that also contains a crystal structure of a monoclonal autoantibody bound to its target B-cell epitope. CIA mAbs elicit arthritis in genetically engineered mice (12), and the structure of an mAb bound to the C1 epitope of type II collagen has been resolved (9). However, reversal of mAb-elicited arthritis by the exact peptide epitope seen in the crystal structure, infused or injected as a decoy, has not been reported. The electrostatic surfaces of the interface between the C1 epitope and the mAb do not appear to be unusual, with common electrostatic and hydrophobic contact areas (Figure 2), so theoretically, the decoy approach should be demonstrable for at least one observable phenotype within CIA, with the major challenges being dosing and timing: decoys may be ineffective or effective alternatively during development vs. maintenance of the phenotype, wherein the latter may or may not have broadened the immunopathogenesis to establish independent pathogenic T-cell responses. Indeed, soluble MHC-peptide complexes have been demonstrated to reduce symptoms in the acute phase of the CIA model (13).


Table 1 | Experimental 3D structures of autoantibody : Autoantigen complexes.






Figure 2 | (Left) Electrostatic surface of antigen (epitope) combining site of mAb CIIC1. Triple-helical collagen C1 epitope is shown as a ribbon with some side chains displayed in stick form. (Right) Cognate electrostatic surface of epitope. The mAb is shown in ribbon style.



Indeed, 3D structures of the Ro (SSA) and La (SSB) have been elusive, although reliable 3D models of human SSA/Ro60 have been obtained (14), and Ro52 might now have been reliably visualized by artificial intelligence breakthroughs in protein structure prediction from sequence alone (15, 16). Mapping of linear B-cell epitopes recognized by human patient sera onto the SSA/Ro60 structure revealed some patterns, but no clear immunodominant epitope and no evidence meeting Koch’s postulates (2). This absence of 3D structure-activity relationships further emphasizes the need for clinical tests of aAb decoy molecules that mimic the auto-epitope to both generate new therapeutics for autoimmune diseases and prove that a specific aAb causes the disease or phenotype.



Challenges of Mimicking Native Autoepitopes

To date, molecules mimicking the linear B-cell autoepitopes themselves have been extensively pursued for diagnostic purposes, but not been sufficiently informative to be of diagnostic value (2), unless one considers dsDNA to be a linear B-cell epitope. Diagnostic probe molecules are most easily pursued as short peptides, i.e. via peptide array surveillance, so some of the failure may be due to inability to capture conformational or heterogeneous (e.g. ribonucleoprotein or glyco-peptide) epitopes. However, the failure to isolate peptides or similar molecules that sensitively or specifically correlate with specific rheumatologic phenotypes in patients may also reflect the complexity of autoimmune pathogenesis, wherein defects in cellular processes may be the primary insult, immune cellular responses may be the main mediators, and aAbs are more surrogate than cause (17). Indeed, serologic anti-Ro aAbs may not be a traditional memory B-cell response, and instead be constantly renewing short-term clonotypes (18), making visualization of the target aAb, either structurally or by monoclonal antibodies, elusive. Furthermore, even conformational epitopes may be further complicated by their presentation of different conformations in the native intracellular context as compared to exposed on an assay solid support (19). Nevertheless, significant effort has been made previously to develop therapeutic decoy molecules that compete with native auto-antigens, because some narrowly-defined, autoimmune phenotypes and corresponding narrowly specific aAbs (e.g. anti-DS) have strong arguments for being causally related (5, 20). The earliest report of such a molecule harnessed high-throughput RNA screening to mimic an insulin receptor auto-epitope responsible for extreme insulin resistance Type B (21). The most convincing in vivo demonstration of efficacy was for decoy molecules to block anti-DS elicitation of Lupus nephritis, which was demonstrated with multiple molecules, including a repurposed HIV protease inhibitor drug (5, 20). These results suggest that at least some, if not all, aAbs can cause disease phenotypes and therefore be targeted via the decoy approach, and that amenable aAb-phenotype pairs were likely narrowly specific, both in aAb specificity and in phenotype definition. As expected, this narrow specificity defines most reports of decoy molecules to date. Most have been peptides (9 reported) or RNA (4), although more complex molecules such as exosomes and platelets have been reported (Table 2). None of the flagship autoantigens, such as Ro/SSA, La/SSB or Sm, are present, suggesting that the breadth of their aAb specificity and the diversity of their phenotypes represents a challenge. Clearly, a major challenge of the decoy approach for some auto-epitopes is molecular engineering of a molecule that can mimic conformational or heterogenous epitopes, but, nevertheless, some decoys may succeed as linear short peptides alone for a suitable aAb-phenotype pair. Engineering an affinity of the decoy molecule to be higher than the affinity of the autoantibody for its autoantigen may be a related challenge: for example, engineered peptides have not historically competed well with the affinity of monoclonal antibodies in tissue-targeted drug delivery efforts (30). Nevertheless, although 3D structure is not part of the story, the decoy approach has been arguably demonstrated for antiphospholipid syndrome (aPL), wherein the N-terminal domain of ß2-glycoprotein-1 infused into a mouse model of anti-phospholipid syndrome thrombosis, which was elicited with purified IgG from aPL patients, reduced the thrombotic phenotype (25).


Table 2 | Reported Synthetic Autoantibody Decoys/Autoantigen Mimics.





Cross-Reactive Auto-Epitopes

Cross-reactivity or molecular mimicry represents another angle for the decoy approach. For example, it has been suggested that a specific candidate auto-epitope in SSA/Ro60 becomes pathogenic via its mimicry of an Epstein Barr Virus (EBV) epitope (2). This presents additional challenges and considerations for the decoy approach and, not surprisingly, more limited efforts have been dedicated to develop therapeutic decoy molecules for cross-reactive epitopes. For example, most aAbs in autoimmune diseases are not pathogenic aAbs: e.g. a significant fraction of the general population exhibit anti-Ro antibodies yet exhibit no symptoms. It is unknown whether all aAbs are pathogenic, but require exposure of intracellular autoantigens to elicit pathology, or whether a small fraction target select epitopes on the autoantigen that are cross-reactive with cell surface or extracellular gene products and produce deleterious effects by engaging the signaling pathways associated with these cross-reactive targets. It has been hypothesized for SSA/Ro60 that the initial aAb is the EBV mimic, with the diversity of anti-SSA/Ro60 aAbs that follow and are observed variably across patients being due to epitope spreading (2). Notably, this epitope spreading hypothesis suggests that additional cross reactivities are then generated. Most notable of the latter examples are the reports that anti-SSA/Ro60 antibodies cross react with the L-type calcium channel as a potential cause of neonatal Lupus (also known as congenital heart block) (31–33) and reports that certain anti-Ro52 antibodies cross-react with the hERG channel to elicit long QT syndrome (LQTS) (34–36). The cross-reactive hypothesis thus suggests that an elusive, narrow, possibly clonal, fraction of anti-Ro antibodies are susceptible to decoy therapeutics, with respect to specific cardiac phenotypes. Two methods to target this species are 1) to isolate the monoclonal antibodies that cross react with the pathogenic targets (e.g. cross react with hERG epitopes, for example) and 2) designing decoy molecules based directly on knowledge of the epitopes of the cross-reacting pathogenic targets, which should then target only the cross-reactive auto-antibodies, leaving all other anti-Ro antibodies unperturbed. In the latter case, if the cardiac phenotype is improved, Koch’s postulates may be achieved for that specific aAb and cardiac phenotype pair.



Autoimmune LQTS as a Decoy Therapy Opportunity

Given the experience with anti-DS aAbs causing the specific phenotype of Lupus nephritis and anti-C1 mAbs causing CIA, the most specific cardiac phenotype, which can be recapitulated in an animal model and non-invasively detected (e.g. long QT on the electrocardiogram) may be a good target to advance a decoy approach. Several findings to date support the autoepitope-phenotype pair of cross-reactive anti-Ro52/hERG-K+ aAbs and LQTS as an attractive target for a decoy therapeutic approach. LQTS is an electrocardiac disorder characterized by abnormal prolongation of the heart rate-corrected, QT interval ([QTc], traditionally >440 ms; currently, >470 ms for men, and >480 ms for women) on the electrocardiogram (ECG) (37). LQTS predisposes to life-threatening ventricular arrhythmias (VAs), specifically Torsades de Pointes (TdP) (37–39), which is a polymorphic ventricular tachycardia that can rapidly degenerate into ventricular fibrillation (VF) and cause sudden cardiac death (SCD) (1). Autoimmune-associated LQTS has recently been recognized as a clinical phenomenon (40, 41), which increases the health impact of an eventual decoy therapeutic for this phenotype. In addition, there are several preclinical advantages to the development of a decoy for autoimmune-associated LQTS. First, LQTS can be reliably elicited in the guinea pig via Ro52 immunization (36), which is an ideal animal model, correlated with in vitro and ex vivo orthogonal models (including electrophysiologic readouts) (36, 42–44), for testing the decoy hypothesis. Second, the target autoepitope and cross-reactive host antigen, the human ether-à-go-go related gene K+ channel (hERG-K+) for anti-Ro52 aAbs is strongly suspectedv. Finally, should a suitable decoy molecule be developed, it may be non-invasively tested in vivo in this model via the ECG, and minimally invasively via serum Ab profiling. Such a decoy may prove Koch’s postulates for another aAb-autoimmune phenotype and serve as a prototype for decoy therapeutics generally to build on the anti-DS model and other prior attempts (Table 2) with a purely peptide model and the first decoy therapeutic for the flagship Ro (SSA) and La (SSB) class of autoantigens.



Projected Safety and Patho-Biological Issues With the Decoy Approach

Although the aAb-targeted, autoantigen-competitive decoy approach to novel therapies and proof of Koch’s postulates in autoimmune diseases is a theoretically very attractive concept and has a strong publication track record from a preclinical point of view (see Table 2), the complete absence in the literature of clinical data on this approach raises some concerns. While this could be due to the “valley of death” of therapy development, namely the high financial cost of preclinical optimization and clinical proof of concept, there are several obvious biological concerns that can be inferred (45). First, a decoy molecule may be immunogenic and elicit more of its cognate aAb. This concern seems minimal since the nature of the disease is a maximally stimulated B-cell clone or clones anyway, so additional autoantigen is unlikely to stimulate the system further. Second, a decoy molecule with multiple valencies risks immune complex formation, with attendant inflammatory tissue pathology. This is easily avoided by restricting decoy molecules to one auto-epitope per particle. Finally, pathogenic aAbs may be too numerous to sequester without very high doses of decoy molecules. This may be a pharmacokinetic challenge, but was not evident in prior preclinical results (Table 2). Overall, there does not seem to be a compelling case against the decoy approach to therapies for narrowly defined aAb-autoimmune phenotype pairs.



Conclusions

The concept of designing molecules to block aAbs at their auto-epitope binding sides in their variable domains is highly attractive for multiple reasons, namely novel drugs for autoimmune diseases, proof of Koch’s postulates for autoimmune phenotypes and stratification of patients by molecular factors. That no clinical candidate exploiting this mechanism has emerged for nearly 30 years of reports in the literature for this approach is puzzling. Advances in monoclonal antibody technology, in vitro evolution molecular design (e.g. phage display) and structural biology techniques offer major advantages to determine if this therapeutic strategy is valid for autoimmune diseases that prominently feature autoantibodies. Clinical trials of suitably engineered decoy molecules may be the only way to validate and realize the potential of this approach.



Author Contributions

TC and MB conceived the study. LC and TC collected the data. TC wrote the manuscript. TC, MB and LC edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grant funds from the Biomedical Laboratory Research and Development Service of Veterans Affairs Office of Research and Development (Merit Review Grant I01 BX002137) to MB and the U.S. Department of Veterans Affairs Technology Transfer Program to MB and TC.



Acknowledgment

We thank B. Diamond and B. A. Sullenger for helpful discussions.



References

1. Wang, D, Yang, L, Zhang, P, LaBaer, J, Hermjakob, H, Li, D, et al. AAgAtlas 1.0: A Human Autoantigen Database. Nucleic Acids Res (2017) 45:D769–76. doi: 10.1093/nar/gkw946

2. Wolin, SL, and Reinisch, KM. The Ro 60 kDa Autoantigen Comes Into Focus: Interpreting Epitope Mapping Experiments on the Basis of Structure. Autoimmun Rev (2006) 5:367–72. doi: 10.1016/j.autrev.2005.10.004

3. Ahlin, E, Mathsson, L, Eloranta, ML, Jonsdottir, T, Gunnarsson, I, Ronnblom, L, et al. Autoantibodies Associated With RNA Are More Enriched Than Anti-dsDNA Antibodies in Circulating Immune Complexes in SLE. Lupus (2012) 21:586–95. doi: 10.1177/0961203311434938

4. Kavanaugh, A, Tomar, R, Reveille, J, Solomon, DH, and Homburger, HA. Guidelines for Clinical Use of the Antinuclear Antibody Test and Tests for Specific Autoantibodies to Nuclear Antigens. American College of Pathologists. Arch Pathol Lab Med (2000) 124:71–81. doi: 10.5858/2000-124-0071-GFCUOT

5. Gaynor, B, Putterman, C, Valadon, P, Spatz, L, Scharff, MD, and Diamond, B. Peptide Inhibition of Glomerular Deposition of an Anti-DNA Antibody. Proc Natl Acad Sci USA (1997) 94:1955–60. doi: 10.1073/pnas.94.5.1955

6. Sanders, P, Young, S, Sanders, J, Kabelis, K, Baker, S, Sullivan, A, et al. Crystal Structure of the TSH Receptor (TSHR) Bound to a Blocking-Type TSHR Autoantibody. J Mol Endocrinol (2011) 46(2):81–99. doi: 10.1530/JME-10-0127

7. Shiroishi, M, Ito, Y, Shimokawa, K, Lee, JM, Kusakabe, T, Ueda, T, et al. Structure-Function Analyses of a Stereotypic Rheumatoid Factor Unravel the Structural Basis for Germline-Encoded Antibody Autoreactivity. J Biol Chem (2018) 293:7008–16. doi: 10.1074/jbc.M117.814475

8. Corper, AL, Sohi, MK, Bonagura, VR, Steinitz, M, Jefferis, R, Feinstein, A, et al. Structure of Human IgM Rheumatoid Factor Fab Bound to Its Autoantigen IgG Fc Reveals a Novel Topology of Antibody-Antigen Interaction. Nat Struct Biol (1997) 4:374–81. doi: 10.1038/nsb0597-374

9. Dobritzsch, D, Lindh, I, Uysal, H, Nandakumar, KS, Burkhardt, H, Schneider, G, et al. Crystal Structure of an Arthritogenic Anticollagen Immune Complex. Arthritis Rheum (2011) 63:3740–8. doi: 10.1002/art.30611

10. Raposo, B, Dobritzsch, D, Ge, C, Ekman, D, Xu, B, Lindh, I, et al. Epitope-Specific Antibody Response Is Controlled by Immunoglobulin V(H) Polymorphisms. J Exp Med (2014) 211:405–11. doi: 10.1084/jem.20130968

11. Jung, HH, Yi, HJ, Lee, SK, Lee, JY, Jung, HJ, Yang, ST, et al. Structural Analysis of Immunotherapeutic Peptides for Autoimmune Myasthenia Gravis. Biochemistry (2007) 46:14987–95. doi: 10.1021/bi701298b

12. Li, Y, Tong, D, Liang, P, Lonnblom, E, Viljanen, J, Xu, B, et al. Cartilage-Binding Antibodies Initiate Joint Inflammation and Promote Chronic Erosive Arthritis. Arthritis Res Ther (2020) 22(1):120. doi: 10.1186/s13075-020-02169-0

13. Dzhambazov, B, Nandakumar, KS, Kihlberg, J, Fugger, L, Holmdahl, R, and Vestberg, M. Therapeutic Vaccination of Active Arthritis With a Glycosylated Collagen Type II Peptide in Complex With MHC Class II Molecules. J Immunol (2006) 176:1525–33. doi: 10.4049/jimmunol.176.3.1525

14. Stein, AJ, Fuchs, G, Fu, C, Wolin, SL, and Reinisch, KM. Structural Insights Into RNA Quality Control: The Ro Autoantigen Binds Misfolded RNAs via Its Central Cavity. Cell (2005) 121:529–39. doi: 10.1016/j.cell.2005.03.009

15. Jumper, J, Evans, R, Pritzel, A, Green, T, Figurnov, M, Ronneberger, O, et al. Highly Accurate Protein Structure Prediction With AlphaFold. Nature (2021) 596:583–89. doi: 10.1038/s41586-021-03819-2

16. Tunyasuvunakool, K, Adler, J, Wu, Z, Green, T, Zielinski, M, Zidek, A, et al. Highly Accurate Protein Structure Prediction for the Human Proteome. Nature (2021) 596:590–6. doi: 10.1038/s41586-021-03828-1

17. Sisirak, V, Sally, B, D'Agati, V, Martinez-Ortiz, W, Ozcakar, ZB, David, J, et al. Digestion of Chromatin in Apoptotic Cell Microparticles Prevents Autoimmunity. Cell (2016) 166:88–101. doi: 10.1016/j.cell.2016.05.034

18. Lindop, R, Arentz, G, Bastian, I, Whyte, AF, Thurgood, LA, Chataway, TK, et al. Long-Term Ro60 Humoral Autoimmunity in Primary Sjogren's Syndrome Is Maintained by Rapid Clonal Turnover. Clin Immunol (2013) 148:27–34. doi: 10.1016/j.clim.2013.03.015

19. Reed, JH, Dudek, NL, Osborne, SE, Kaufman, KM, Jackson, MW, Purcell, AW, et al. Reactivity With Dichotomous Determinants of Ro 60 Stratifies Autoantibody Responses in Lupus and Primary Sjogren's Syndrome. Arthritis Rheum (2010) 62:1448–56. doi: 10.1002/art.27370

20. VanPatten, S, Sun, S, He, M, Cheng, KF, Altiti, A, Papatheodorou, A, et al. Amending HIV Drugs: A Novel Small-Molecule Approach To Target Lupus Anti-DNA Antibodies. J Med Chem (2016) 59:8859–67. doi: 10.1021/acs.jmedchem.6b00694

21. Doudna, JA, Cech, TR, and Sullenger, BA. Selection of an RNA Molecule That Mimics a Major Autoantigenic Epitope of Human Insulin Receptor. Proc Natl Acad Sci USA (1995) 92:2355–9. doi: 10.1073/pnas.92.6.2355

22. Hwa-Seon, S, and Lee, SW. In Vitro Selection of the 2’-Fluoro-2’-Deoxyribonucleotide Decoy RNA Inhibitor of Myasthenic Autoantibodies. J Microbiol Biotechnol (2000) 10:707–13.

23. Hwang, B, and Lee, SW. Improvement of RNA Aptamer Activity Against Myasthenic Autoantibodies by Extended Sequence Selection. Biochem Biophys Res Commun (2002) 290:656–62. doi: 10.1006/bbrc.2001.6252

24. Lee, SW, and Sullenger, BA. Isolation of a Nuclease-Resistant Decoy RNA That Can Protect Human Acetylcholine Receptors From Myasthenic Antibodies. Nat Biotechnol (1997) 15:41–5. doi: 10.1038/nbt0197-41

25. Ioannou, Y, et al. In Vivo Inhibition of Antiphospholipid Antibody-Induced Pathogenicity Utilizing the Antigenic Target Peptide Domain I of Beta2-Glycoprotein I: Proof of Concept. J Thromb Haemost (2009) 7:833–42. doi: 10.1111/j.1538-7836.2009.03316.x

26. Li, H, Kem, DC, Zhang, L, Huang, B, Liles, C, Benbrook, A, et al. Novel Retro-Inverso Peptide Inhibitor Reverses Angiotensin Receptor Autoantibody-Induced Hypertension in the Rabbit. Hypertension (2015) 65:793–9. doi: 10.1161/HYPERTENSIONAHA.114.05037

27. Natsuga, K, Nishie, W, Shinkuma, S, Ujiie, H, Nishimura, M, Sawamura, D, et al. Antibodies to Pathogenic Epitopes on Type XVII Collagen Cause Skin Fragility in a Complement-Dependent and -Independent Manner. J Immunol (2012) 188:5792–9. doi: 10.4049/jimmunol.1003402

28. Edo, N, Kawakami, K, Fujita, Y, Morita, K, Uno, K, Tsukamoto, K, et al. Exosomes Expressing Thyrotropin Receptor Attenuate Autoantibody-Mediated Stimulation of Cyclic Adenosine Monophosphate Production. Thyroid (2019) 29:1012–7. doi: 10.1089/thy.2018.0772

29. Wei, X, Gao, J, Fang, RH, Luk, BT, Kroll, AV, Dehaini, D, et al. Nanoparticles Camouflaged in Platelet Membrane Coating as an Antibody Decoy for the Treatment of Immune Thrombocytopenia. Biomaterials (2016) 111:116–23. doi: 10.1016/j.biomaterials.2016.10.003

30. Vazquez-Lombardi, R, et al. Challenges and Opportunities for non-Antibody Scaffold Drugs. Drug Discov Today (2015) 20:1271–83. doi: 10.1016/j.drudis.2015.09.004

31. Boutjdir, M. Molecular and Ionic Basis of Congenital Complete Heart Block. Trends Cardiovasc Med (2000) 10:114–22. doi: 10.1016/s1050-1738(00)00059-1

32. Karnabi, E, and Boutjdir, M. Role of Calcium Channels in Congenital Heart Block. Scand J Immunol (2010) 72:226–34. doi: 10.1111/j.1365-3083.2010.02439.x

33. Karnabi, E, Qu, Y, Wadgaonkar, R, Mancarella, S, Yue, Y, Chahine, M, et al. Congenital Heart Block: Identification of Autoantibody Binding Site on the Extracellular Loop (Domain I, S5-S6) of Alpha(1D) L-Type Ca Channel. J Autoimmun (2010) 34:80–6. doi: 10.1016/j.jaut.2009.06.005

34. Lazzerini, PE, Cevenini, G, Qu, YS, Fabris, F, El-Sherif, N, Acampa, M, et al. Risk of QTc Interval Prolongation Associated With Circulating Anti-Ro/SSA Antibodies Among US Veterans: An Observational Cohort Study. J Am Heart Assoc (2021) 10:e018735. doi: 10.1161/JAHA.120.018735

35. Boutjdir, M, Lazzerini, PE, Capecchi, PL, Laghi-Pasini, F, and El-Sherif, N. Potassium Channel Block and Novel Autoimmune-Associated Long QT Syndrome. Card Electrophysiol Clin (2016) 8:373–84. doi: 10.1016/j.ccep.2016.02.002

36. Yue, Y, Castrichini, M, Srivastava, U, Fabris, F, Shah, K, Li, Z, et al. Pathogenesis of the Novel Autoimmune-Associated Long-QT Syndrome. Circulation (2015) 132:230–40. doi: 10.1161/CIRCULATIONAHA.115.009800

37. Drew, BJ, Ackerman, MJ, Funk, M, Gibler, WB, Kligfield, P, Menon, V, et al. Prevention of Torsade De Pointes in Hospital Settings: A Scientific Statement From the American Heart Association and the American College of Cardiology Foundation. Circulation (2010) 121:1047–60. doi: 10.1161/CIRCULATIONAHA.109.192704

38. Moss, AJ. Long QT Syndrome. JAMA (2003) 289:2041–4. doi: 10.1001/jama.289.16.2041

39. El-Sherif, N, and Turitto, G. Torsade De Pointes. Curr Opin Cardiol (2003) 18:6–13. doi: 10.1097/00001573-200301000-00002

40. Lazzerini, PE, Laghi-Pasini, F, Boutjdir, M, and Capecchi, PL. Cardioimmunology of Arrhythmias: The Role of Autoimmune and Inflammatory Cardiac Channelopathies. Nat Rev Immunol (2019) 19:63–4. doi: 10.1038/s41577-018-0098-z

41. Lazzerini, PE, Hamilton, RM, and Boutjdir, M. Editorial: Cardioimmunology: Inflammation and Immunity in Cardiovascular Disease. Front Cardiovasc Med (2019) 6:181. doi: 10.3389/fcvm.2019.00181

42. Lazzerini, PE, Yue, Y, Srivastava, U, Fabris, F, Capecchi, PL, Bertolozzi, I, et al. Arrhythmogenicity of Anti-Ro/SSA Antibodies in Patients With Torsades De Pointes. Circ Arrhythm Electrophysiol (2016) 9:e003419. doi: 10.1161/CIRCEP.115.003419

43. Fabris, F, Yue, Y, Qu, Y, Chahine, M, Sobie, E, Lee, P, et al. Induction of Autoimmune Response to the Extracellular Loop of the HERG Channel Pore Induces QTc Prolongation in Guinea-Pigs. J Physiol (2016) 594:6175–87. doi: 10.1113/JP272151

44. Nakamura, K, Katayama, Y, Kusano, KF, Haraoka, K, Tani, Y, Nagase, S, et al. Anti-KCNH2 Antibody-Induced Long QT Syndrome: Novel Acquired Form of Long QT Syndrome. J Am Coll Cardiol (2007) 50:1808–9. doi: 10.1016/j.jacc.2007.07.037

45. Boutjdir, M, and Lazzerini, PE. A Novel Peptide/Antibody-Based Antiarrhythmic Approach to Long QT Syndrome and Beyond. J Am Coll Cardiol (2020) 75:2153–5. doi: 10.1016/j.jacc.2020.03.027




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Cardozo, Cardozo and Boutjdir. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Autoantibody:Autoantigen Competitor Decoys: Application to Cardiac Phenotypes

      

        		

          Common Autoantigens

        



        		

          Overview of the Decoy Approach

        



        		

          Koch’s Postulates, as Applied to aabs

        



        		

          3D Structures of Auto-Antigen/aab Complexes

        



        		

          Challenges of Mimicking Native Autoepitopes

        



        		

          Cross-Reactive Auto-Epitopes

        



        		

          Autoimmune LQTS as a Decoy Therapy Opportunity

        



        		

          Projected Safety and Patho-Biological Issues With the Decoy Approach

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgment

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Autoantigen/Disease aAb Decoy molecule Reference

Insulin Receptor/extreme insulin resistance Type B MA20 RNA (21)
DS DNA/Lupus nephritis R4A Peptide/HIV protease inhibitor compound (5, 20)
Acetylcholine Receptor/Myasthenia Gravis Mab 198 RNA/Peptide (22-24)
B2-glycoprotein-1/Antiphospholipid syndrome aPL Peptide/platelets (25)
Myelin associated glycoprotein (MAG)/Multiple Sclerosis Anti-MAG IgM Peptide/glycopolymer (26)
Collagen type 17/Bullous Pemphigoid Anti-COL17 Peptide 27)
Angiotensin 1 receptor/Hypertension Anti-AT1R Peptide (26)
Thyrotropin Receptor/Hypothyrodism Anti-TSHR Exosomes (28)

)

Platelet Membrane/Autoimmune Thrombocytopenia Anti-Platelet Platelet Membrane-coated nanoparticles

N
©





OEBPS/Images/fimmu-13-812649-g002.jpg





OEBPS/Images/fimmu.2022.812649_cover.jpg
, frontiers
in Immunology

Autoantibody:Autoantigen
Competitor Decoys: Application
to Cardiac Phenotypes





OEBPS/Images/fimmu-13-812649-g001.jpg
Inflammation/

autoimmune disease

A Anloantlhody
=t Autoantigen

[Protein






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/table1.jpg
Autoantigen/Disease aAb PDB code Reference
Thyrotropin Receptor/Autoimmune Hypothyroiditis K1-70 2XWT 6)
Fc/Rheumatoid Arthritis Rheumatoid Factor 1ADQ/SXMH (7,8)
Type Il collagen/Rheumatoid Arthritis M2139, CIICI 4BKL/2Y5T (9, 10)
Acetylcholine Receptor/Myasthenia Gravis Mab 198 2JRV (11)





