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The calcitonin gene-related peptide (CGRP) is a 37-amino acid neuropeptide with critical roles in the development of peripheral sensitization and pain. One of the CGRP family peptides, islet amyloid polypeptide (IAPP), is an important autoantigen in type 1 diabetes. Due to the high structural and chemical similarity between CGRP and IAPP, we expected that the CGRP peptide could be recognized by IAPP-specific CD4 T cells. However, there was no cross-reactivity between the CGRP peptide and the diabetogenic IAPP-reactive T cells. A set of CGRP-specific CD4 T cells was isolated from non-obese diabetic (NOD) mice. The T-cell receptor (TCR) variable regions of both α and β chains were highly skewed towards TRAV13 and TRBV13, respectively. The clonal expansion of T cells suggested that the presence of activated T cells responded to CGRP stimulation. None of the CGRP-specific CD4 T cells were able to be activated by the IAPP peptide. This established that CGRP-reactive CD4 T cells are a unique type of autoantigen-specific T cells in NOD mice. Using IAg7-CGRP tetramers, we found that CGRP-specific T cells were present in the pancreas of both prediabetic and diabetic NOD mice. The percentages of CGRP-reactive T cells in the pancreas of NOD mice were correlated to the diabetic progression. We showed that the human CGRP peptide presented by IAg7 elicited strong CGRP-specific T-cell responses. These findings suggested that CGRP is a potential autoantigen for CD4 T cells in NOD mice and probably in humans. The CGRP-specific CD4 T cells could be a unique marker for type 1 diabetes. Given the ubiquity of CGRP in nervous systems, it could potentially play an important role in diabetic neuropathy.
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Introduction

In type 1 diabetes (T1D), the autoantigens in the pancreas are presented by major histocompatibility complex (MHC) molecules that activate diabetogenic T cells and play important roles in the destruction of pancreatic insulin (Ins)-producing β cells. Many autoantigens have been characterized as targets of T cells, including proinsulin, a 65-kDa isoform of glutamate decarboxylase (GAD65), insulinoma-associated antigen 2 (IA-2), islet-specific glucose-6-phosphatase catalytic-subunit-related protein (IGRP) (1, 2), cation efflux transporter ZNT8 (3), chromogranin A (ChgA), and IAPP. Some β-cell secretory granule proteins, such as Ins, ChgA, and IAPP, were identified as the ligands of highly pathogenic CD4 T cells in non-obese diabetic (NOD) mice (4–6) and provided essential targets for the study of T1D onset, diagnosis, and therapy. The CGRP family is a group of peptide hormones consisting of IAPP, calcitonin, adrenomedullin, and CGRP. Although sequence homology among the members of this family ranges between 20% and 50%, they all have a conserved N-terminal disulfide bridge and the amidated C-terminus (7) (Figure 1). IAPP is derived from an 89-residue prohormone precursor to form the mature 37-amino-acid peptide hormone. IAPP was the first member of the CGRP family proteins recognized as an essential contributor to β-cell dysfunction (8, 9). The pathogenic functions of IAPP as an autoantigen in T1D emerged promptly (6). Recently, the epitopes of the well-studied diabetogenic CD4 T-cell clones, namely, BDC-5.2.9 and BDC-6.9, were identified as IAPP N-terminal peptides (KS20) and IAPP-Ins hybrid peptides, respectively (5, 10). Like IAPP, the processed CGRP is a 37-amino-acid peptide concentrated in sensory nerve endings and widely expressed in neuronal tissue. It has a significant role in sensory neurotransmission. Inhibitory monoclonal antibodies (mAbs) targeting CGRP showed the efficiency of migraine alleviation and were recently approved by the Food and Drug Administration (FDA) for migraine treatment (11). CGRP is co-localized with Ins and IAPP in the Ins-secreting β cells in the pancreas (12, 13), which can inhibit the production of interleukin (IL)-2, tumor necrosis factor (TNF)-α, TNF-β, and interferon gamma (IFN-γ) by T lymphocytes in vitro (14, 15). It has been reported that CGRP could promote Th17 T-cell-mediated autoimmune inflammation by regulating IL-17 expression (16). The expression level of CGRP decreased significantly in pancreatic islet cells of diabetic patients compared to the controls (17). Armen et al. found that CGRP was a potential therapeutic molecule to treat diabetes and reported that increased expression of CGRP to β cells decreased the incidence of T1D in female NOD mice (18). There are conflicting reports arguing if CGRP may inhibit or stimulate Ins secretion (19–21).




Figure 1 | Amino acid sequence alignment of the CGRP family proteins in humans (h) and mice (m) using PRALINE.



The KS20 peptide is the first 20 amino acids of the processed IAPP peptide. It is delineated as the epitope of the prototypic diabetogenic T-cell line, BDC-5.2.9 (5). IAPP KS20-reactive T cells could be detected in the pancreas of prediabetic and diabetic NOD mice and contribute to disease development (22). So far, there are no reports of CGRP-reactive T cells in the pancreas of NOD mice. CGRP is present in the pancreas and nervous system and shares biological activity with IAPP. Given the similar amino acid sequence of N-terminal segments between CGRP and IAPP, we expected that the CGRP-reactive CD4 T cells would exist in the pancreas of NOD mice and contribute to the development of T1D. The disulfide bridge of the IAPP KS20 peptide play an essential role in the activation of BDC-5.2.9 (22, 23). We speculated that the N-terminal 20 amino acids of CGRP might also cross-activate BDC-5.2.9. In this study, we demonstrated that CGRP cannot cross-activate BDC-5.2.9. Using the IAg7-linked CGRP tetramers, we identified CGRP-reactive T cells in the pancreas of prediabetic and diabetic NOD mice. We then generated a panel of CGRP-specific T-cell hybridomas and determined TCR V gene segment usage. The results paved the way to determine the role of CGRP-specific T cells in the development of T1D and diabetes-related neuropathy.



Materials and methods


Mice

Female NOD/LtJ mice and BALB/c mice were purchased from the Jackson Laboratories and maintained in the Biological Resource Center at National Jewish Health (Denver, CO). Prediabetic NOD mice used in this study were 12 weeks of age and had normal blood glucose readings before experiments (<250 mg/dl). Mice were considered diabetic when blood glucose levels were >250 mg/dl for two consecutive days. Animal husbandry and experimental procedures were conducted under protocols approved by the Institutional Animal Care and Use Committee of the National Jewish Health.



Reagents

Fluorescently labeled mAbs for flow cytometry were used as follows: FITC-B220, eFluor 450-F4/80, APC eFluor 780-CD8, Alexa Fluor 700-CD4, APC-Foxp3, and PerCP-Cy5.5-CD44 (eBioScience), and Foxp3/Transcription Factor Fixation/Permeabilization (eBioscience, 501129060). Unlabeled TCR Cβ-specific H57-597 was expressed and purified from the B-cell hybridoma (a gift from Kappler/Marrack lab). All peptides were synthesized by Peptide 2.0 Inc.



IAg7-CGRP and IAPP tetramer preparation

The first 20 amino acids (SCNTATCVTHRLAGLLSRSG, SG20) of mouse CGRP peptide (equivalent to KS20 peptide) are similar to the first 20 amino acids (ACDTATCVTHRLAGLLSRSG, AG20) of human CGRP peptide (5). The IAg7 α and β chains were inserted in the baculovirus transfer vector under P10 and PH promoters, respectively. The β chain contained the wild-type (WT) CGRP SG20 peptide, or a CGRP variant SG20S17E (SCNTATCVTHRLAGLLERSG), or the IAPP KS20V17E peptide (KCNTATCATQRLANFLERSS) or the truncation of IAPP KS20 peptide from 1 to 5, KS20△1–5 peptide (TCATQRLANFLERSS), with a C-terminal flexible linker (GGGSLVPRGSGGGGS) inserted between a signal peptide and the N terminus of the β1 domain as previously described (24, 25). All constructs contained this flexible linker attaching the peptide to the N terminus of the IAg7 β chain and a stabilizing acid–base leucine zipper attached to the C terminus of the IAg7 (26). The crystal structure of the IAg7-KS20 complex showed that the position of 17 amino acids occupied the P9 binding pockets of IAg7 (data not shown). Hence, we introduced a mutation at position 17 to E (underlined) to enhance the binding between the peptide and IAg7 without adverse effects on the peptide activity. The soluble IAg7-SG20, IAg7-KS20, and IAg7-KS20△1–5 complexes were produced and purified as previously described (25). Briefly, Hi5 cells were infected separately with IAg7-SG20, IAg7-KS20, or IAg7-KS20△1-5 recombinant baculovirus in spinner flasks at 19°C for 6 days. The supernatants were harvested, and the debris was removed by centrifugation. Soluble IAg7-SG20, IAg7-KS20, and IAg7-KS20△1–5 were purified using zipper-specific 2H11 mAb (27) and coupled with CNBr-activated Sepharose 4B resins (GE Healthcare). As previously described, the purified proteins were biotinylated with the BirA enzyme (28). After biotinylation, the IAg7-SG20 protein was applied to a Superdex 200 Increase column (GE Healthcare) to remove the aggregate or other contaminating proteins, and peak 2 was collected for the tetramer generation (Supplementary Figure S1A). The purified biotinylated protein was analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) with and without reduction (Supplementary Figure S1B). These biotinylated proteins were mixed with streptavidin-PE for 1 h at 4°C and then were purified again with a Superdex 200 Increase column (Supplementary Figure S1C). The IAg7-KS20 tetramers and IAg7-KS20△1–5 tetramers were produced with the same method.



The construction of KS20 and SG20 mutants

The plasmids of IAg7-KS20 and IAg7-SG20 containing the transmembrane-cytoplasmic tail of the baculovirus gp64 protein were used as templates for mutation. The primers were used for mutation in Supplementary Table S1. Site-directed mutagenesis experiments were carried out using PfuUltra II fusion DNA polymerase (Agilent Technologies). The PCR reaction system is 50 μL: 5 μL of 10× reaction buffer, 50 ng of DNA template, 1 μL of 10 μM forward and reverse primer, 1 μL of dNTP, 1 μL of PfuUltra II, 3 μL of dimethyl sulfoxide (DMSO), and water added to the final volume of 50 μL. The temperature program used was 1 min at 95°C followed by 18 cycles of 50 s at 95°C, 50 s at 60°C, and 8 min at 68°C. The PCR product was digested with 1 μL DpnI (R0176L, NEB) for 2 h and transformed to competent DH5α.



T-cell stimulation assay

For antigen-presenting cells (APCs), we used two forms of the M12.C3 B-cell lymphoma, one expressing IAg7 (M12C3G7) and the other expressing DQ8 (M12C3-DQ8) (29). T-cell hybridomas (1×105 cells/well) were mixed with an equal amount of APCs and cultured overnight with various concentrations of KS20 or SG20 peptides in a volume of 250 µL. Twenty-four hours later, culture supernatants were then harvested, and secreted IL-2 was measured with a functional assay, following the growth and survival of the HT-2, which is an IL-2-dependent cell line (30). For insect cell surface expression, the different viruses encoding WT KS20, KS20 variants, WT SG20, or SG20 mutants were used to infect mouse ICAM+B7+ SF9 insect cells (28). Three days later, cells in each well were washed with balanced salt solution (BSS) two times and used as APCs to stimulate BDC-5.2.9 or CGRP-reactive T-cell hybridomas (1×105 cells/well). Twenty-four hours later, supernatants were collected for HT-2 assay.



ELISA for binding assays

Briefly, 96-well plates were first coated with 100 μg/ml streptavidin overnight at 4°C. After blocking with 30% fetal bovine serum (FBS) and washing three times with PBS-T (0.1% Tween in phosphate-buffered saline, PBS), 5 μg/mL biotinylated protein IAg7-KS20, IAg7-SG20, or IAg7-SG20C7S was added and incubated for 1 h at 37°C. After washing with PBS-T, 100 μL of different concentrations of mAb LD96.24 was added and incubated for 1 h at room temperature. Then, IgG-alkaline phosphatase (1:30,000) was added and incubated for another hour at room temperature. After five times washing with PBS-T, p-nitrophenyl phosphate (PNPP) substrate solution was added and incubated for 30–60 min, and then, the OD405 was measured.



Preparation of pancreatic cells of NOD mice

Pancreatic cells were prepared following the protocol as described previously (31). Briefly, freshly isolated NOD pancreases were cut into small pieces and digested in 25 mL of BSS containing 5% (vol/vol) FBS plus 5 μM CaCl2 and 100 μg/mL collagenase (C9407; Sigma) at 37°C for 15 min. The digested mixture was then washed with 10% FBS in BSS, crushed, and passed through a 100-μm nylon mesh screen. The cells were washed multiple times in 10% FBS in BSS until the supernatant was clear and then resuspended in 10% FBS in spinner-minimum essential medium (S-MEM) (Gibco).



Flow cytometry analysis of tetramer-positive T cells in the pancreas

For tetramer staining, we followed the protocol as previously described (28). Briefly, approximately 20 μg/mL MHC II-Peptide tetramers and 1 μg/mL H57-597 were added at 25 μL/well of 96-well U plates and then incubated at 37°C in a 5% CO2 incubator for 2 h. After tetramer staining and cell surface staining with fluorescent anti-B220, anti-F4/80, anti-CD8, anti-CD44, and anti-CD4 mAbs, cells were fixed and intracellular staining with Foxp3-APC using the eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) according to the manufacturer’s instructions. Stained single-cell suspensions were analyzed using a Fortessa flow cytometer running FACSDiva (BD Biosciences, US). FSC 3.0 files were analyzed with Flowjo 10.0 Software.



Generation of CGRP-specific T-cell hybridomas

CGRP-specific T-cell hybridomas used in these studies were generated as described previously (30). Briefly, three female NOD mice were immunized with 10 μg lipopolysaccharide (LPS) and 100 μg CGRP SG20 peptide by intraperitoneal injection (i.p) twice at 2-week intervals. Four days after the final challenge, pancreatic lymph nodes (PLNs) and splenocytes were isolated and re-stimulated with 10 μg/mL CGRP SG20 peptide for 4 days. Cells were purified with lymphocyte separation medium (MP Biomedicals) and cultured in a complete tumor medium (CTM) containing IL-2 for 3 days. T-Cell hybridomas were established by fusion of the purified T-cell blasts to the thymoma BW5147α−β− thymoma cells using polyethylene glycol 1450 and cloned by limiting dilution under HAT (Sigma, H0262) selection as described previously (30). For CGRP-specific T-cell screening, T-cell hybridomas were stimulated by M12C3G7 with or without 1 μg/mL SG20S17E, and supernatants of each well were collected for IL-2 assay 24 h later. The positive wells were CGRP-specific T-cell hybridomas, and they were used for the following experiments.



Determination of TCR variable regions of both α and β chains

Total RNA of each CGRP-reactive T-cell hybridomas was isolated, and cDNA was prepared using PrimeScript™ RT Reagent Kit (RR037A, Takara). We first used the FITC-anti-TCR Vβ 1-14 (BioLegend) to stain CGRP-specific T-cell hybridomas to determine TCR Vβ segment usages. Then, TCR Vβ gene fragments were PCR amplified by applying a TCR C region primer of the β chain and a TRBV primer according to the flow results. We used a TCR C region primer of the α chain and a panel of TRAV primers (n=13) to determine TRAV gene segment usage. Upon determination of specific TRAV and TRBV gene segment usages, larger-scale PCR reactions were purified with the Gel and PCR Clean-UP kit (Takara Bio USA, Cat. No. 740609.250). The PCR products were ligated to pCR™2.1 Vector using TA Cloning™ Kit (Invitrogen, Cat. No. K202020). After transforming DH5α cells, the single clone was selected for sequencing. All TRAV and TRBV sequences were analyzed using ImMunoGeneTics (IMGT)/HighV-QUEST (http://www.imgt.org).



Statistical analyses

Comparisons between two groups were performed with a two-tailed Student’s t-test, and more than two groups were compared by ANOVA. Each experiment was repeated at least once to assess reproducibility. *p < 0.05, **p < 0.01, ***p < 0.001.




Results


No cross-reactivity between CGRP and IAPP-specific T cell BDC-5.2.9

CGRP family peptides all share a common motif CXXXXC near the N-terminus both in human and mice (Figure 1) (32). The mouse CGRP and mouse IAPP contain the same CNTATC motif. There is only one amino acid difference between human CGRP and mouse CGRP CXXXXC motifs. The processed CGRP peptides are present in the Ins-secreting β cells and are similar to IAPP, with about 50% amino acid sequence homology. Both peptides are 37 amino acids long and have an N-terminal disulfide bridge between residues Cys2-Cys7. Although IAPP and CGRP peptides have been shown to have distinct functions, they have similar effects on peripheral Ins resistance. Diabetogenic T cells recognize the antigenic peptides derived from β-cell proteins presented by MHC proteins on APCs (33). IAPP and CGRP peptides are processed similarly, and CGRP may cross-activate IAPP-reactive CD4 T cells in the pancreas of NOD mice. The disulfide-containing IAPP KS20 peptide is a target antigen for highly diabetogenic CD4 T cell, BDC-5.2.9 (5, 22). The typical role of IAPP and CGRP in the immunomodulation of CD4 T-cell responses might be linked to the sequence identity of the N-terminal portion of peptides. To confirm our hypothesis, we used the B-cell line M12C3G7, which expresses IAg7 to stimulate BDC-5.2.9 in the presence of CGRP or IAPP peptides (29).  ICAM+B7+ SF9 cells expressing IAg7-linked CGRP or IAPP peptides were also used as APCs to test their ability to stimulate BDC-5.2.9 (29). The results showed that neither CGRP SG20 peptide nor truncated IAPP KS20△1-5 peptide stimulated T-cell BDC-5.2.9 (Figures 2A, B). Similarly, we expressed the soluble IAg7-CGRP proteins and generated IAg7-SG20 tetramers. The IAg7-KS20△1-5 tetramers completely lost the binding ability to BDC-5.2.9. Like KS20△1-5, IAg7-SG20 tetramers did not stain BDC-5.2.9 (Figure 2C). These results confirmed that the KS20 disulfide bridge plays an important role in the activation of T cell BDC-5.2.9, but there is no cross-reactivity between IAg7-SG20 and T cell BDC-5.2.9.




Figure 2 | The cross-reaction between the CGRP peptide and IAPP reactive T cell, BDC5.2.9. (A) M12C3G7 incubated with SG20 or KS20 peptides stimulated BDC5.2.9 at different concentrations, 0, 0.4, 4 and 40μg/mL. 24 hours later, supernatants were collected for HT-2 assay. Results are the means ± SEM of triplicate wells. (B) ICAM+B7+ SF9 insect cells expressing IAg7-WT KS20, IAg7-KS20△1-5, or IAg7-SG20 were used as APCs to stimulate BDC5.2.9 T cells. Results are the means ± SEM of triplicate wells. (C) IAg7-SG20 tetramers were used to stain BDC5.2.9. IAg7-KS20 was used as a positive control and IAg7-KS20△1-5, as a negative control. *P< 0.05, **P< 0.01, ***P< 0.001.





The key amino acids of KS20 peptide for the activation of BDC-5.2.9 compared with SG20 peptide

There are seven amino acid variations between mouse IAPP KS20 and CGRP SG20 peptides. Although the disulfide loop of CGRP at the N terminal is very similar to IAPP (Figure 3A), the CGRP peptide did not activate the KS20-reactive T cell BDC-5.2.9. Recently, we generated a mAb, LD96.24, which binds IAg7-KS20 complex but not other IAg7-peptide complexes (23). We tested if mAb LD96.24 could bind to the IAg7-SG20 complex. The ELISA results showed that LD96.24 has a weaker binding affinity to IAg7-SG20 than IAg7-KS20. After mutating the Cys7 of SG20 to Ser to break the disulfide bridge, there was no binding between LD96.24 and IAg7-CGRP, which suggested that LD96.24 interacted primarily with the CGRP disulfide loop (Figure 3B). However, the same disulfide bridges present in SG20 N terminus were insufficient for BDC-5.2.9 activation. This outcome indicated that the amino acids other than the CXXXXC motif also seemed to contribute to BDC-5.2.9 T-cell stimulation. want to test which amino acids of the CGRP SG20 peptide are critical for BDC-5.2.9 activation. The differences between IAPP KS20 and CGRP SG20 peptides were at amino acid positions 1, 8, 10, 14, 15, and 17 (Figure 3A). Variations of these amino acids can reveal the key amino acids of IAPP and CGRP peptides affecting BDC-5.2.9 activation. We used ICAM+B7+ SF9 cells expressing IAg7 linked with WT KS20, and KS20 mutants of K1S, KS20 A8V, Q10H, N14G, F15L, and V17S, based on SG20 sequence as APCs to stimulate BDC5.2.9 T cells (22). The results showed that A8, Q10, and F15 were necessary for BDC-5.2.9 activation aside from the disulfide bond. The amino acid at these positions may be involved in TCR binding. Meanwhile, K1, N14, and V17 had no effects on T-cell activation. These amino acids could either be anchor residues, whose side chains were buried in the peptide-binding pockets of the IAg7 (34) or not in the TCR binding footprint. We also mutated CGRP SG20 to the KS20 amino acids at the same positions, including SG20 V8A, H10Q, and L15F, to see which amino acids of SG20 mutation could restore the stimulation of BDC-5.2.9. The results confirmed that amino acids of A8, Q10, and F15 were essential for T-cell BDC-5.2.9 stimulation (Figure 3C). However, none of these single mutations alone were able to stimulate BDC-5.2.9. The SG20 S1K, G14N, and S17V mutations were also not sufficient to restore the stimulation of SG20 to BDC-5.2.9. The data explained why SG20 did not activate T cell BDC-5.2.9.




Figure 3 | The essential amino acids of KS20 peptide for the activation of T cell BDC5.2.9 compared with the SG20 peptide. (A) Amino acid sequence alignment of mouse CGRP and IAPP segments studied here. (B) mAb LD96.24 bound weakly to IAg7-SG20 molecules. The binding between mAb LD96.24 and IAg7-SG20 molecules was measured by ELISA. Results are the means ± SEM of triplicate wells. (C) Viruses encoding WT KS20, WT SG20, KS20 mutants, and SG20 mutants were used to infect mouse ICAM+B7+ SF9 insect cells. KS20△1-5 and non-infected wells were used as controls. 3 days later, these insect cells were used as APCs to stimulate BDC5.2.9 T cells. Results are the means ± SEM of triplicate wells. *P < 0.05, **P < 0.01, ***P < 0.001.





Detection of CGRP-reactive T cells in the pancreas of prediabetic and diabetic NOD mice

The IAg7-SG20 proteins were biotinylated and incorporated into phycoerythrin (PE) streptavidin fluorescent tetramers. We used IAg7-SG20 tetramers to investigate whether CGRP-reactive CD4 T cells are present in the pancreas of prediabetic and diabetic NOD mice. IAg7-KS20 tetramers and IAg7-Ins B:9-23 P8G tetramers were used as positive controls (28) because these Ins and KS20-reactive pathogenic T cells were known to be present in the pancreases of prediabetic NOD mice (22, 26, 31). We examined the IAg7-SG20 tetramer+CD4+CD44high T cells in the pancreases and PLNs of 12-week-old prediabetic NOD mice and diabetic NOD mice. Pancreatic and PLN lymphocytes were analyzed by flow cytometry, first gating on live, B220−, F4/80−, CD8−, CD44high, and CD4+ T cells; then, the tetramer positive cells were  examined as previously described (31). The results showed that the high avidity SG20 tetramer-positive cells were easily detected in the CD44high CD4+, but not CD8+ T cells with the IAg7-SG20 tetramer from pancreases of prediabetic and diabetic NOD female mice (Figure 4A). The percentages of CGRP-reactive T cells in the pancreas of diabetic mice were significantly higher than those in prediabetic NOD mice (Figure 4B). There are fewer CGRP-reactive CD4 T cells in PLNs than in the pancreas of prediabetic and diabetic NOD mice. The percentages of CGRP-reactive T cells were significantly higher in the PLNs of diabetic than in prediabetic NOD mice (Supplementary Figures S2A, B). Using the same gating strategy, KS20 and Ins B:9-23 P8G-reactive T cells in the pancreas of diabetic NOD mice were recognized as positive controls (Supplementary Figure S3). CGRP-reactive CD4 T cells accumulated in the pancreas of prediabetic and diabetic NOD mice, which indicated that CGRP is a potential autoantigen in NOD mice. In the meantime, we did not find any CGRP-reactive T cells in BALB/c mice. We found that CGRP-specific regulatory T cells (Tregs) exist in the pancreas of some prediabetic and diabetic NOD mice (Supplementary Figure S4). Tregs play an important role in suppressing T1D by controlling autoreactive T cells (35). The CGRP-reactive T cells can be divided into Foxp3+ and Foxp3− T cells, which may play different functions in the development of T1D.




Figure 4 | IAg7-SG20 tet+ cells were present in the pancreas of prediabetic and diabetic NOD mice. Single-cell suspensions were prepared from the whole pancreas of each prediabetic (n=5; 12 weeks) or diabetic NOD mice (n=5; 12-23 weeks). Female BALB/c mice (n=5; 12-14 weeks) were used as the negative control. The cells were stained with IAg7-SG20 tetramers, anti-B220, anti-F4/80, anti-CD44, anti-CD4, and anti-CD8. For tetramer analysis, cells were pregated on live, B220−, F4/80−, CD8−, CD4+, and CD44high cells. (A) Representative scatter diagram of IAg7-SG20 tet+CD44+ cells in different groups. (B) The percentages of IAg7-SG20 tet+CD44+ in CD4+ T cells of each group. Each symbol represented an individual mouse. Results are the means ± SEM. *P < 0.05, **P < 0.01. ***P < 0.001.





CGRP-specific T-cell hybridomas did not cross-react with KS20 peptide

To further characterize CGRP-reactive T cells, we generated 20 CGRP-reactive T-cell hybridomas (20% of total hybridomas) from CGRP peptide immunized NOD mice. Most of these T-cell hybridomas could be stained by IAg7-SG20S17E tetramers but not IAg7-KS20V17E tetramers (Figure 5A), which indicated that these SG20-specific T cells could not cross-react with the KS20 peptide. Due to the similarity of SG20 and KS20 N termini, we evaluated if the SG20-specific T-cell clones 22, 37, and 155 respond to IAPP KS20 peptide with different TCR V segment usages. ICAM+B7+ SF9 expressing WT SG20, KS20, or SG20S17E peptides were used for T-cell stimulation assay. The results affirmed that the 22, 37, and 155 CGRP T cell hybridomas did not cross-react with the KS20 peptide. Both WT and S17E mutations of SG20 peptides were able to stimulate these T cells; however, S17E significantly enhanced T-cell activation as expected (Figure 5B). We then used different concentrations of synthetic peptide SG20S17E to stimulate these T-cell hybridomas, and the results showed that 0.1–1 μg/mL SG20S17E could activate all of them (Figure 5C). These results confirmed that the CGRP-reactive T cells are present in NOD mice, and IAg7-SG20S17E tetramer is an efficient tool to detect CGRP-reactive T cells in vivo.




Figure 5 | CGRP-specific T cell hybridomas did not cross-react with the KS20 peptide. 20 CGRP-specific T cell hybridomas were generated as described in materials and methods. (A) IA g7 -SG20S17E tetramers and IA g7 -KS20V17E tetramers were used to stain these CGRP reactive T cell hybridomas and unstained T cells as the negative control. The table showed the tetramer binding with the CGRP reactive T cell hybridomas. “-” represents no binding; “+” represents binding significantly. (B) ICAM + B7 + SF9 insect cells expressing IA g7 -WT SG20 or IA g7 -SG20S17E were used as APCs to stimulate three representative CGRP-reactive T cell hybridomas 22, 37, and 155. Results are the means ± SEM of triplicate wells. (C) M12C3 G7 cells incubated with different concentrations of SG20S17E peptide stimulated the CGRP reactive T cell hybridomas. *P < 0.05, **P < 0.01, ***P < 0.001.





TRAV and TRBV gene segment usages of CGRP-specific T-cell hybridomas

Sequencing analysis of these CGRP-reactive T-cell hybridomas showed that TRAV13 and TRBV13 were the most utilized TCR V gene segments, being expressed in 69% and 54% of all CGRP-reactive T-cell hybridomas, respectively (Figure 6A). The complementarity-determining region (CDR) 1 and CDR2 loops of the TCR β chain contact the MHC alpha-helices, while the hypervariable CDR3 regions interact mainly with the peptide (29). TCRAV and TCRBV gene segment usages of the CGRP-responsive T-cell hybridomas are summarized in Figure 6B. In both TCR α and TCR β chains, CDR3 loops have the highest sequence diversity and are the principal determinants of receptor binding specificity. After alignment of all these TRAV13 CDR3 and TRBV13 CDR3 amino acids sequences, we found the common amino acid sequence motifs in CDR3 regions. For example, 131 and 146 T-cell hybridomas share the same TRAV and TRBV usage, while CDR3 sequences of TRBV are different. 60, 155, and 160 TCRs share the same TRAV usage, while TRBV usage is different (Supplementary Figure S5A). 131,134, and 135 TCRs share the same CDR3 loops in TCR Vβ regions. Gln in all CDR3 regions of TRBV13 and Asn in the most CDR3 region of TRAV13 are highly conserved, indicating that these amino acids may interact with SG20 peptide similarly (Supplementary Figure S5B).




Figure 6 | TCR V gene usages of CGRP specific T cell hybridomas. (A) Pie charts showed the frequency of  TRAV (left) and TRBV (right) gene segment usage of 13 CGRP specific T cell hybridomas. (B) The paired CDR1, CDR2, and CDR3 amino acid sequences of TRAV and TRBV of CGRP specific T cell hybridomas.





Human AG20 peptides cross-react with CGRP-reactive T-cell hybridomas

The high sequence homology between SG20 and human AG20 suggested that AG20 peptides may cross-react with these CGRP-reactive T cells (Figure 1). We stimulated these T-cell hybridomas with M12C3G7 loading with different concentrations of human AG20 peptide. The results confirmed that the human CGRP AG20 peptide could be presented by mouse IAg7 molecules and cross-react with these CGRP-reactive T-cell hybridomas (Figure 7A). HLA-DQ8 molecules not only share structural similarities with the mouse homolog IAg7 but can also cross the species barrier and functionally replace IAg7 molecules to stimulate diabetogenic T cells and produce diabetes (29). Meanwhile, we tested if HLA-DQ8/AG20 could activate these mouse CGRP-reactive T-cell hybridomas. The M12C3-DQ8 cells incubated with different concentrations of human AG20 and SG20 were used to stimulate CGRP-reactive T-cell hybridomas. HLA-DQ8/AG20 did not activate the mouse CGRP-reactive T-cell hybridomas. This implied that MHC molecules were crucial for CGRP T-cell activation besides the disulfide loops (Figure 7B).




Figure 7 | Human AG20 peptide cross-reacted with CGRP reactive T cell hybridomas. (A) M12C3g7 cells incubated with different concentrations of human AG20S17E peptide stimulated mouse CGRP reactive T cell hybridomas 22, 37, and 155. (B) The three representative CGRP reactive T cell hybridomas were stimulated with M12C3-DQ8 incubated with 1 μg/mL hAG20P17E or mSG20P17E and M12C3 cells were used as the negative control. Results are the means ± SEM of triplicate wells. *P P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

The highest risk factor of developing T1D was closely linked to polymorphisms in MHCII genes (36–39). IAg7 is the only MHC class II molecule expressed in NOD mice. Like the highest T1D genetic risk factor, HLA-DQ8 and IAg7 shared a single polymorphism of a β57 in the β chain (5–7). The β57 polymorphism accounted for the pathogenic peptides that bind to these MHCIIs by breaking a stabilizing salt bridge to α76Arg in the MHCII α chain. The position β57 of IAg7 controls the early anti-Ins response and onset of diabetes in NOD mice (40). Ins, ChgA, and IAPP are three well-studied β-cell secretory granule proteins that induced the activation of pathogenic CD4 T cells in NOD mice. NMR structure and molecular simulation revealed that IAPP contains an N-terminal disulfide bond (41–43). The Cryo-EM structure of human CGRP receptors in complex with CGRP also discovered an N-terminal disulfide loop between C2 and C7 (44). Due to the size of the disulfide bond in the KS20 peptide, we anticipated that the similar N-terminal portions of CGRP family proteins could be presented to IAPP-specific T cells in a similar fashion. The mutational study of polymorphic amino acids between SG20 and KS20 peptides showed that A8V, Q10H, and F15L were important for the BDC-5.2.9 TCR recognition. The A8V, Q10H, and F15L amino acids are not part of the N-terminal disulfide loop (Figure 1). This suggested that C-terminal amino acids were also critical for BDC-5.2.9 activation in addition to the disulfide bond. Interestingly, KS20V17S mutant can significantly enhance the activation of BDC-5.2.9 compared with WT KS20 (Figure 3C). This is in agreement with the fact that KS20 V17 is an important anchoring amino acid in IAg7, and Ser was more preferable in the P9 position by forming a hydrogen bond with α76Arg (26, 31). The crystal structure of IAg7 showed that the β57Ser forms a hydrogen-bonding network with α76Arg involving an acidic P9 peptide anchor residue (45). Although, IAg7-SG20 and IAg7-KS20 both have a disulfide loop at N termini, the KS20 peptide cannot cross-react with CGRP-reactive T-cell hybridomas (Figure 5A, B). Thus, IAPP and CGRP peptides stimulated non-overlaying CD4 T-cell repertoires, suggesting a novel class of antigen-specific T cells in NOD mice.

A previous study showed that the pathogenic autoreactive CD4 T cells target self-antigen epitopes bound to IAg7 in an unfavorable register (25). Both WT SG20 and SG20S17E peptides can activate CGRP-reactive T cells. However, compared with the WT SG20 peptide, SG20S17E mutation significantly strengthened the CGRP-reactive T-cell activation (Figure 5B). The results confirmed that poor binding is due to incompatibility between the S17 amino acid of SG20 peptide and IAg7 P9 pocket. This is consistent with Ins B:9-23 T-cell activation data, where the mutating of P9 anchoring amino acids to Glu greatly enhances the T-cell responses by forming a hydrogen bond with α76Arg (26, 28). The poor binding may prevent sufficient presentation of SG20 peptides and allow SG20-specific T cells to escape negative selection. The tetramer binding experiments confirmed that the IAg7 covalently linked with S17E variation of SG20 peptide tetramer was a critical tool in the detection of SG20 reactive T cells in vivo (Figure 5A). The CGRP-reactive T cells, including Tregs and effector T cells (Teffs), were present in both prediabetic and diabetic pancreas of NOD mice. These results suggested that high expression of CGRP or modification of CGRP in the pancreas might overcome its poor presentation by IAg7, permitting pathogenic CGRP-specific T cells to activate and initiate autoimmunity. Just like KS20-reactive T cells (22), it was noticed that the percentages of CGRP-reactive T cells in the pancreases of diabetic NOD mice were significantly increased as compared with prediabetic NOD mice. In contrast, there were no significant changes in the percentages of 2.5HIP (fusion of a C-peptide fragment to WE14) and Ins-reactive T cells in the pancreas between 10-week-old and diabetic NOD mice (46). Ins and ChgA are produced by β cells of the pancreas, while CGRP is present in the endocrine cells of the human pancreas and nerves (47). In diabetic NOD mice, β cells cannot secret Ins because of the destruction, which leads to no significant increase in Ins-reactive T cells compared with prediabetic NOD mice. ChgA- and Ins-reactive T cells leave the pancreas as the source of antigen decreases via the destruction of β cells. However, unlike ChgA- and Ins-reactive T cells, CGRP-specific T cells are still present even after β-cell destruction. The presence of CGRP-specific T cells seemed uniquely correlated with T1D progression and could potentially serve as a useful biomarker. CGRP is also secreted in nerves besides β cells, which may explain the increase in the proportion of CGRP-reactive T cells in the pancreas of diabetic NOD mice compared with prediabetic NOD mice due to inflammation.

Previous findings demonstrated that CGRP may impair Ins secretion and induce Ins resistance in non-Ins-dependent diabetes (48). Here, we displayed that CGRP-reactive CD4 T cells could infiltrate the pancreas before 12 weeks and retain in the pancreas throughout the progression of T1D. For the first time, we generated several CGRP-reactive T cells and determined the TCR V segment usages. Both TCR Vα and Vβ chains are highly skewed towards TRAV13 and TRBV13, respectively. The constrained TCR repertoires could be a consequence of the high immunogenicity of the disulfide bridges of SG20 peptide. Interestingly, some IAPP and CGRP-specific T cells shared the common germline-encoded Vβ segments, such as TRBV15 and TRBV19 (22). This further suggested that the disulfide bridges are extensively interacted by TCRs and could share the same epitopes. The increased amount of CGRP in the pancreas may stimulate the CGRP-reactive T cells, contributing to the destruction of the β cells. Both autoantigen-specific Tregs and Teffs cells are present in the pancreas of NOD mice. CD4+ Foxp3+ Tregs played an important role in preventing autoimmunity in mice and humans (49). The CGRP-specific Treg cells were detected in the pancreas with the help of tetramers in the prediabetic and diabetic NOD mice, together with Ins P8G-specific and IAPP KS20-specific Tregs in the pancreas. These autoantigen-specific Tregs might play roles in suppressing T1D development (50, 51).

The IAPP peptide formed hybrid peptides with other β-cell antigens, ChgA and C-peptides, and was identified in both mice and humans (10, 52, 53). Like IAPP, other CGRP family proteins could also form hybrid peptides through similar transpeptidation mechanisms (29). HLA-DQ8 shows striking structural similarities with the NOD mouse class II molecule IAg7 and has a comparable peptide-binding preference (54, 55). We showed that the human CGRP peptide was able to be presented by IAg7 molecules on M12C3 cell surfaces and robustly stimulated mouse CGRP-reactive T cell hybridomas (Figures 7A, B). This suggested that the CGRP peptide contains the prominent T-cell epitopes, and CGRP-reactive T cells may also exist in human T1D subjects. Future studies should include the evaluation of the T1D subjects using DQ8-CGRP tetramers. The CGRP-reactive T cells may provide a new predictive biomarker and a new target for future immunotherapy of T1D. Due to the ubiquity of CGRP in the central nervous system and peripheral sensory nerves (13), the CGRP-specific T cells could migrate to the nervous system and be activated by enriched CGRP peptides in the nervous system. These T cells may induce neuroinflammation leading to diabetes-related neuropathic pain, which is the most prevalent long-standing complication of diabetes (56). It would be interesting to see if CGRP-specific T cells are present in the nerve system to confirm that pathogenic CGRP-specific T cells could migrate to other sites and induce inflammation. All CGRP family peptides of mice and humans share a common motif CXXXXC near the N-terminus. Like CGRP and IAPP peptides, the other CGRP family peptides specific T cells could also be associated with the development of T1D in the pancreas and need to be investigated.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics statement

This study was reviewed and approved by National Jewish Health.



Author contributions

WL and SD designed the studies. WL, RL, YW, YZ, and SD. performed the experiments. WL, RL, MT and SD wrote the paper with help from the other authors. All authors contributed to the article and approved the submitted version.



Funding

Financial support was provided by National Institutes of Health Grants [T32-AI-074491 (to YW), R56-AI-15348 (to SD), R21-AI-149655 (to SD)], P30-DK-116073 (Colorado Diabetes Research Center), a grant from The ALSAM Foundation (to SD), and the ALSAM Skaggs Scholars Program (to SD).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.951281/full#supplementary-material



References

1. Mukherjee, R, Wagar, D, Stephens, TA, Lee-Chan, E, and Singh, B. Identification of CD4+ T cell-specific epitopes of islet-specific glucose-6-phosphatase catalytic subunit-related protein: a novel beta cell autoantigen in type 1 diabetes. J Immunol (2005) 174(9):5306–15. doi: 10.4049/jimmunol.174.9.5306

2. Yang, J, Danke, NA, Berger, D, Reichstetter, S, Reijonen, H, Greenbaum, C, et al. Islet-specific glucose-6-phosphatase catalytic subunit-related protein-reactive CD4+ T cells in human subjects. J Immunol (2006) 176(5):2781–9. doi: 10.4049/jimmunol.176.5.2781

3. Wenzlau, JM, Juhl, K, Yu, L, Moua, O, Sarkar, SA, Gottlieb, P, et al. The cation efflux transporter ZnT8 (Slc30A8) is a major autoantigen in human type 1 diabetes. Proc Natl Acad Sci U.S.A. (2007) 104(43):17040–5. doi: 10.1073/pnas.0705894104

4. Baker, RL, Bradley, B, Wiles, TA, Lindsay, RS, Barbour, G, Delong, T, et al. Cutting edge: Nonobese diabetic mice deficient in chromogranin a are protected from autoimmune diabetes. J Immunol (2016) 196(1):39–43. doi: 10.4049/jimmunol.1501190

5. Delong, T, Baker, RL, Reisdorph, N, Reisdorph, R, Powell, RL, Armstrong, M, et al. Islet amyloid polypeptide is a target antigen for diabetogenic CD4+ T cells. Diabetes (2011) 60(9):2325–30. doi: 10.2337/db11-0288

6. Denroche, HC, and Verchere, CB. IAPP and type 1 diabetes: Implications for immunity, metabolism and islet transplants. J Mol Endocrinol (2018) 60(2):R57–75. doi: 10.1530/JME-17-0138

7. Tsiolaki, PL, Nasi, GI, Baltoumas, FA, Louros, NN, Magafa, V, Hamodrakas, SJ, et al. alphaCGRP, another amyloidogenic member of the CGRP family. J Struct Biol (2018) 203(1):27–36. doi: 10.1016/j.jsb.2018.02.008

8. Westermark, P, Wernstedt, C, Wilander, E, and Sletten, K. A novel peptide in the calcitonin gene related peptide family as an amyloid fibril protein in the endocrine pancreas. Biochem Biophys Res Commun (1986) 140(3):827–31. doi: 10.1016/0006-291x(86)90708-4

9. Westermark, P, Wernstedt, C, Wilander, E, Hayden, DW, O’Brien, TD, and Johnson, KH. Amyloid fibrils in human insulinoma and islets of langerhans of the diabetic cat are derived from a neuropeptide-like protein also present in normal islet cells. Proc Natl Acad Sci U.S.A. (1987) 84(11):3881–5. doi: 10.1073/pnas.84.11.3881

10. Wiles, TA, Delong, T, Baker, RL, Bradley, B, Barbour, G, Powell, RL, et al. An insulin-IAPP hybrid peptide is an endogenous antigen for CD4 T cells in the non-obese diabetic mouse. J Autoimmun (2017) 78:11–8. doi: 10.1016/j.jaut.2016.10.007

11. Edvinsson, L. Role of CGRP in migraine. Handb Exp Pharmacol (2019) 255:121–30. doi: 10.1007/164_2018_201

12. Pettersson, M, Ahren, B, Bottcher, G, and Sundler, F. Calcitonin gene-related peptide: occurrence in pancreatic islets in the mouse and the rat and inhibition of insulin secretion in the mouse. Endocrinology (1986) 119(2):865–9. doi: 10.1210/endo-119-2-865

13. Edvinsson, L, Eftekhari, S, Salvatore, CA, and Warfvinge, K. Cerebellar distribution of calcitonin gene-related peptide (CGRP) and its receptor components calcitonin receptor-like receptor (CLR) and receptor activity modifying protein 1 (RAMP1) in rat. Mol Cell Neurosci (2011) 46(1):333–9. doi: 10.1016/j.mcn.2010.10.005

14. Wang, F, Millet, I, Bottomly, K, and Vignery, A. Calcitonin gene-related peptide inhibits interleukin 2 production by murine T lymphocytes. J Biol Chem (1992) 267(29):21052–7. doi: 10.1016/S0021-9258(19)36796-1

15. Millet, I, and Vignery, A. The neuropeptide calcitonin gene-related peptide inhibits TNF-alpha but poorly induces IL-6 production by fetal rat osteoblasts. Cytokine (1997) 9(12):999–1007. doi: 10.1006/cyto.1997.0245

16. Mikami, N, Watanabe, K, Hashimoto, N, Miyagi, Y, Sueda, K, Fukada, S, et al. Calcitonin gene-related peptide enhances experimental autoimmune encephalomyelitis by promoting Th17-cell functions. Int Immunol (2012) 24(11):681–91. doi: 10.1093/intimm/dxs075

17. Al-Salam, S, Hameed, R, Parvez, HS, and Adeghate, E. Diabetes mellitus decreases the expression of calcitonin-gene related peptide, gamma-amino butyric acid and glutamic acid decarboxylase in human pancreatic islet cells. Neuro Endocrinol Lett (2009) 30(4):506–10.

18. Khachatryan, A, Guerder, S, Palluault, F, Cote, G, Solimena, M, Valentijn, K, et al. Targeted expression of the neuropeptide calcitonin gene-related peptide to beta cells prevents diabetes in NOD mice. J Immunol (1997) 158(3):1409–16.

19. Hermansen, K, and Ahren, B. Dual effects of calcitonin gene-related peptide on insulin secretion in the perfused dog pancreas. Regul Pept (1990) 27(1):149–57. doi: 10.1016/0167-0115(90)90213-g

20. Morishita, T, Yamaguchi, A, Yamatani, T, Nakamura, A, Arima, N, Yamashita, Y, et al. Effects of islet amyloid polypeptide (amylin) and calcitonin gene-related peptide (CGRP) on glucose metabolism in the rat. Diabetes Res Clin Pract (1992) 15(1):63–9. doi: 10.1016/0168-8227(92)90069-4

21. Leighton, B, and Cooper, GJ. Pancreatic amylin and calcitonin gene-related peptide cause resistance to insulin in skeletal muscle in vitro. Nature (1988) 335(6191):632–5. doi: 10.1038/335632a0

22. Baker, RL, Delong, T, Barbour, G, Bradley, B, Nakayama, M, and Haskins, K. Cutting edge: CD4 T cells reactive to an islet amyloid polypeptide peptide accumulate in the pancreas and contribute to disease pathogenesis in nonobese diabetic mice. J Immunol (2013) 191(8):3990–4. doi: 10.4049/jimmunol.1301480

23. Li, W, Zhang, Y, Li, R, Wang, Y, and Chen and S. Dai, L. A novel tolerogenic antibody targeting disulfide-modified autoantigen effectively prevents type 1 diabetes in NOD mice. Front Immunol (2022) 13:877022. doi: 10.3389/fimmu.2022.877022

24. Kozono, H, White, J, Clements, J, Marrack, P, and Kappler, J. Production of soluble MHC class II proteins with covalently bound single peptides. Nature (1994) 369(6476):151–4. doi: 10.1038/369151a0

25. Stadinski, BD, Zhang, L, Crawford, F, Marrack, P, Eisenbarth, GS, and Kappler, JW. Diabetogenic T cells recognize insulin bound to IAg7 in an unexpected, weakly binding register. Proc Natl Acad Sci U.S.A. (2010) 107(24):10978–83. doi: 10.1073/pnas.1006545107

26. Wang, Y, Sosinowski, T, Novikov, A, Crawford, F, Neau, DB, Yang, J, et al. C-terminal modification of the insulin B:11-23 peptide creates superagonists in mouse and human type 1 diabetes. Proc Natl Acad Sci U.S.A. (2018) 115(1):162–7. doi: 10.1073/pnas.1716527115

27. Chang, HC, Bao, Z, Yao, Y, Tse, AG, Goyarts, EC, Madsen, M, et al. A general method for facilitating heterodimeric pairing between two proteins: Application to expression of alpha and beta T-cell receptor extracellular segments. Proc Natl Acad Sci U.S.A. (1994) 91(24):11408–12. doi: 10.1073/pnas.91.24.11408

28. Crawford, F, Stadinski, B, Jin, N, Michels, A, Nakayama, M, Pratt, P, et al. Specificity and detection of insulin-reactive CD4+ T cells in type 1 diabetes in the nonobese diabetic (NOD) mouse. Proc Natl Acad Sci U.S.A. (2011) 108(40):16729–34. doi: 10.1073/pnas.1113954108

29. Wang, Y, Sosinowski, T, Novikov, A, Crawford, F, White, J, Jin, N, et al. How c-terminal additions to insulin b-chain fragments create superagonists for T cells in mouse and human type 1 diabetes. Sci Immunol (2019) 4(34). doi: 10.1126/sciimmunol.aav7517

30. White, J, Kappler, J, and Marrack, P. Production and characterization of T cell hybridomas. Methods Mol Biol (2000) 134:185–93. doi: 10.1385/1-59259-682-7:185

31. Jin, N, Wang, Y, Crawford, F, White, J, Marrack, P, Dai, S, et al. N-terminal additions to the WE14 peptide of chromogranin a create strong autoantigen agonists in type 1 diabetes. Proc Natl Acad Sci U.S.A. (2015) 112(43):13318–23. doi: 10.1073/pnas.1517862112

32. Simossis, VA, and Heringa, J. PRALINE: a multiple sequence alignment toolbox that integrates homology-extended and secondary structure information. Nucleic Acids Res (2005) 33(Web Server issue):W289–94. doi: 10.1093/nar/gki390

33. Mannering, SI, Pathiraja, V, and Kay, TW. The case for an autoimmune aetiology of type 1 diabetes. Clin Exp Immunol (2016) 183(1):8–15. doi: 10.1111/cei.12699

34. Latek, RR, Suri, A, Petzold, SJ, Nelson, CA, Kanagawa, O, Unanue, ER, et al. Structural basis of peptide binding and presentation by the type I diabetes-associated MHC class II molecule of NOD mice. Immunity (2000) 12(6):699–710. doi: 10.1016/s1074-7613(00)80220-4

35. Schuster, C, Jonas, F, and Zhao and S. Kissler, F. Peripherally induced regulatory T cells contribute to the control of autoimmune diabetes in the NOD mouse model. Eur J Immunol (2018) 48(7):1211–6. doi: 10.1002/eji.201847498

36. Aly, TA, Ide, A, Humphrey, K, Barker, JM, Steck, A, Erlich, HA, et al. Genetic prediction of autoimmunity: initial oligogenic prediction of anti-islet autoimmunity amongst DR3/DR4-DQ8 relatives of patients with type 1A diabetes. J Autoimmun (2005) 25 Suppl(Suppl):40–5. doi: 10.1016/j.jaut.2005.09.002

37. Stadinski, B, Kappler, J, and Eisenbarth, GS. Molecular targeting of islet autoantigens. Immunity (2010) 32(4):446–56. doi: 10.1016/j.immuni.2010.04.008

38. Mordes, JP, Bortell, R, Blankenhorn, EP, Rossini, AA, and Greiner, DL. Rat models of type 1 diabetes: Genetics, environment, and autoimmunity. ILAR J (2004) 45:278–91. doi: 10.1093/ilar.45.3.278

39. Concannon, P, Rich, SS, and Nepom, GT. Genetics of type 1A diabetes. New Engl J Med (2009) 360(16):1646–54. doi: 10.1056/NEJMra0808284

40. Gioia, L, Holt, M, Costanzo, A, Sharma, S, Abe, B, Kain, L, et al. Position beta57 of I-A(g7) controls early anti-insulin responses in NOD mice, linking an MHC susceptibility allele to type 1 diabetes onset. Sci Immunol (2019) 4(38). doi: 10.1126/sciimmunol.aaw6329

41. Wu, C, and Shea, JE. Structural similarities and differences between amyloidogenic and non-amyloidogenic islet amyloid polypeptide (IAPP) sequences and implications for the dual physiological and pathological activities of these peptides. PloS Comput Biol (2013) 9(8):e1003211. doi: 10.1371/journal.pcbi.1003211

42. Nanga, RP, Brender, JR, Vivekanandan, S, and Ramamoorthy, A. Structure and membrane orientation of IAPP in its natively amidated form at physiological pH in a membrane environment. Biochim Biophys Acta (2011) 1808(10):2337–42. doi: 10.1016/j.bbamem.2011.06.012

43. DeLisle, CF, Malooley, AL, Banerjee, I, and Lorieau, JL. Pro-islet amyloid polypeptide in micelles contains a helical prohormone segment. FEBS J (2020) 287(20):4440–57. doi: 10.1111/febs.15253

44. Liang, YL, Khoshouei, M, Deganutti, G, Glukhova, A, Koole, C, Peat, TS, et al. Cryo-EM structure of the active, gs-protein complexed, human CGRP receptor. Nature (2018) 561(7724):492–7. doi: 10.1038/s41586-018-0535-y

45. Corper, AL, Stratmann, T, Apostolopoulos, V, Scott, CA, Garcia, KC, Kang, AS, et al. A structural framework for deciphering the link between I-Ag7 and autoimmune diabetes. Science (2000) 288(5465):505–11. doi: 10.1126/science.288.5465.505

46. Baker, RL, Jamison, BL, Wiles, TA, Lindsay, RS, Barbour, G, Bradley, B, et al. CD4 T cells reactive to hybrid insulin peptides are indicators of disease activity in the NOD mouse. Diabetes (2018) 67(9):1836–46. doi: 10.2337/db18-0200

47. Adeghate, E, and Ponery, A. Diabetes mellitus influences the degree of colocalization of calcitonin gene-related peptide with insulin and somatostatin in the rat pancreas. Pancreas (2004) 29(4):311–9. doi: 10.1097/00006676-200411000-00011

48. Fujimura, M, Greeley, GH Jr., Hancock, MB, Alwmark, A, Santos, A, Cooper, CW, et al. Colocalization of calcitonin gene-related peptide and somatostatin in pancreatic islet cells and inhibition of insulin secretion by calcitonin gene-related peptide in the rat. Pancreas (1988) 3(1):49–52. doi: 10.1097/00006676-198802000-00009

49. Tang, Q, and Bluestone, JA. The Foxp3+ regulatory T cell: A jack of all trades, master of regulation. Nat Immunol (2008) 9(3):239–44. doi: 10.1038/ni1572

50. Tang, Q, Henriksen, KJ, Bi, M, Finger, EB, Szot, G, Ye, J, et al. In vitro-expanded antigen-specific regulatory T cells suppress autoimmune diabetes. J Exp Med (2004) 199(11):1455–65. doi: 10.1084/jem.20040139

51. Serr, I, Drost, F, Schubert, B, and C. Daniel,. Antigen-specific treg therapy in type 1 diabetes - challenges and opportunities. Front Immunol (2021) 12:712870. doi: 10.3389/fimmu.2021.712870

52. Reed, B, Crawford, F, Hill, RC, Jin, N, White, J, Krovi, SH, et al. Lysosomal cathepsin creates chimeric epitopes for diabetogenic CD4 T cells via transpeptidation. J Exp Med (2021) 218(2). doi: 10.1084/jem.20192135

53. Delong, T, Wiles, TA, Baker, RL, Bradley, B, Barbour, G, Reisdorph, R, et al. Pathogenic CD4 T cells in type 1 diabetes recognize epitopes formed by peptide fusion. Science (2016) 351(6274):711–4. doi: 10.1126/science.aad2791

54. Lee, KH, Wucherpfennig, KW, and Wiley, DC. Structure of a human insulin peptide-HLA-DQ8 complex and susceptibility to type 1 diabetes. Nat Immunol (2001) 2(6):501–7. doi: 10.1038/88694

55. Suri, A, Walters, JJ, Gross, ML, and Unanue, ER. Natural peptides selected by diabetogenic DQ8 and murine I-A(g7) molecules show common sequence specificity. J Clin Invest (2005) 115(8):2268–76. doi: 10.1172/JCI25350

56. Pop-Busui, R, Ang, L, Holmes, C, Gallagher, K, and Feldman, EL. Inflammation as a therapeutic target for diabetic neuropathies. Curr Diabetes Rep (2016) 16(3):29. doi: 10.1007/s11892-016-0727-5



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 Li, Li, Wang, Zhang, Tomar and Dai. 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/Images/fimmu-13-951281-g002.jpg
IL-2 produced (Units/ml)

105

- O - 10% ke
. T Axx xrk
10 = 0.4ug/ml Ii 104 Em Control
100 = 4ug/ml 5 109 mE KS20
40ug/ml 2 £ KS20A1-5
10 é 102 = SG20
o
101 o 101
=
100 100
$G20 KS20
BDC5.2.9

40K

Control

|1 IAY-KS20 tet"
IAY-SG20 tet*
IAS7-KS20A1-5 tet"

30K






OEBPS/Images/fimmu-13-951281-g004.jpg
% IAY7-SG20 tet+
(gated on CD4)

»
o

»
=)

-
o

-
o

o
o

o
o

B220°F4/80°
1

Pancreas

NOD (12w) NOD
Prediabetic Diabetic

BALB/c

1A97-8G20 tetramer

NOD 12w prediabetic
NOD diabetic
BALB/c 12-14w






OEBPS/Images/fimmu-13-951281-g007.jpg
104

E - 22
2 - 37
< 3 -

5 10 155
s

2 102

o

-]

S

o 10!

o

o

= 100

10 102 10" 10° 10" 102
Concentration of hAG20S17E peptides (ug/ml)

IL-2 production (Units/ml)

103

102

101

100

3 M12C3-DQ8
M12C3-DQ8+hAG20S17E

I M12C3-DQ8+mSG20S17E
M12C3%7
M12C3%7+hAG20S17E

HE \12C3%7+mSG20S17E





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Calcitonin gene-related peptide is a potential autoantigen for CD4 T cells in type 1 diabetes

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice

          



          		

            Reagents

          



          		

            IAg7-CGRP and IAPP tetramer preparation

          



          		

            The construction of KS20 and SG20 mutants

          



          		

            T-cell stimulation assay

          



          		

            ELISA for binding assays

          



          		

            Preparation of pancreatic cells of NOD mice

          



          		

            Flow cytometry analysis of tetramer-positive T cells in the pancreas

          



          		

            Generation of CGRP-specific T-cell hybridomas

          



          		

            Determination of TCR variable regions of both α and β chains

          



          		

            Statistical analyses

          



        



        



        		

          Results

        

          		

            No cross-reactivity between CGRP and IAPP-specific T cell BDC-5.2.9

          



          		

            The key amino acids of KS20 peptide for the activation of BDC-5.2.9 compared with SG20 peptide

          



          		

            Detection of CGRP-reactive T cells in the pancreas of prediabetic and diabetic NOD mice

          



          		

            CGRP-specific T-cell hybridomas did not cross-react with KS20 peptide

          



          		

            TRAV and TRBV gene segment usages of CGRP-specific T-cell hybridomas

          



          		

            Human AG20 peptides cross-react with CGRP-reactive T-cell hybridomas

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.951281_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Calcitonin gene-related peptide
is a potential autoantigen for
CDA T cells in type 1 diabetes





OEBPS/Images/fimmu-13-951281-g003.jpg
Unconserved _Conserved

12345678910111213141516171819 20

mCGRP
mIAPP
Consistency
&0 i =0
25 0.625ug/ml
’ B 1.25ug/ml
3.0 2.5ug/ml
S 25 -
205 N 5ug/ml
o | El 10ug/ml
0.2
0.1 i
0.0
1AY7.KS20 1AY.5G20 IAY-$G20C7S
£
&
c
=)
kel
Q
o
=]
T
°
o
L)
=

> ¥ 2 D ¥ O KD
S B Y A7 AN @ QT WD B A
PP I

& KS20 mutants SG20 mutants





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-951281-g006.jpg
69%

AV3

AVT

BV29
15%

BV19
8%

BV15
8%

BV31

BV1

. TCRA gene TCR CDR1/CDR2/CDR3 amino acid sequence
one TCRB gene CDR1 CDR2 CDR3
TRAVI3-1:01F TTINS. NPSGT AMEDQGGRALI
2 TRBV13-2:01F NNHNN SYGAGS ASGDPDGNTEVF
TRAVAD-2:02F YSGTPY YYSGDPWY AVSGYNQGKLI
2 TRBV13-2:01F NNHNN SYGAGS ASGDIEQF
TRAV7-1:01F DRNSQY IFSNGD AVSGNNNNRIF
2 TRBV19-01F FNHDT SITEND ASSIPQQDTQY
TRAV13D-1:01F TSINS. NPSGT AMQTGFASALT
At TRBV1+01F NSQYPW LRSPGD TCSAEDDFSNERLF
TRAVI3-4/DV7-03(F) STATE NPSGT AITGANTGKLT
60 TREV29-01F MSHET SYDVDS ASSGQDSGNTLY
TRAVI3-1:02F TSINS. NPSGT AFSDNNAPR
£ TRBV15+01F SGHSD. FRSKSL ASSSGGEAEQF
TRAV13-1:02F TSINS. NPSGT AFSDNNAPR
e TRBV13-2:01F NNHNN SYGAGS ASGDLEQY
TRAVOD-4+01F YSGTPY YYSGDPWY ALRGYNNNRIS
= TRBV13-2:01F NNHNN SYGAGS. ASGDLEQY
TRAV3-3:01F DPNSYY VFSSTEI AVSGNYNQGKLI
= TRBV13-2:01F NNHNN SYGAGS ASGDLEQY
TRAV13D-1:01F TSLNS NPSGT AMQTGFASALTF
14 TRBV13-2:01F NNHNN SYGAGS ASGDWQGQNTLN
TRAVI3-1:02F TSINS NPSGT AFSDNNAPR
e TRBV13-2:01F NNHNN SYGAGS ASGDPGQGRSYNSPLY
TRAVI3-4/DV7+03(F) STATE NPSGT AHTGANTGKLT
5 TRBV29:01F MSHET SYDVDS ASSLWDSQNTLY
TRAV13-4/DVT+03(F) STATE NPSGT AITGANTGKLT
160 TRBV31-01F GKSSPN SITVG. AWSLGQTGQLY






OEBPS/Images/fimmu-13-951281-g005.jpg
o]

IL-2 production (Units/ml)

100

Normalized To Mode

104
<. EE|AY-KS20

IAY-SG20

IAY-SG20S17E

103

102

107

100

22 37

155

M A9-SG20S17E tet*
I A97-KS20V17E tet* 2
[] No staining

IL-2 production (Units/ml)

CGRP-reactive = A¢"-KS20V17E

¢™-SG20S17E

T cells tetram er tetram er
18 &= +
22 = +
37 = +
65 i #
75 - +
131 - +
135 - +
144 - +
146 - +
155 - +
160 - -
- 2
104 - 18
- 22
- 37
103 = 65
-~ 75
-~ 131
102
—— 135
—+ 144
10* ¢ 146
-©- 155
100 = 160
104 10° 102 10" 10° 10' 102

Concentration of SG20S17E peptides (ug/ml)





OEBPS/Images/fimmu-13-951281-g001.jpg
Unconserved II2 34567 II. Conserved

Disulfide loop
hCGRP A
mCGRP S
hIAPP K
mIAPP K
hAdrenomedullinG
mAdrenomedullinG
hCalcitonin R
mCalcitonin R
Consistency 4

HELAGLLSRS
HRLAGLLSRS
QRLANFLVHS

T QRLANFLVRS

OKLAHQIYQF
OKLAHQIYOQL
GTYTQDFNKF
GTYTQDLNEF
4677437355

GGVVENNFVP
GGVVKDNFVP
SNNFGAILSS
SNNLGPVLPP
TDEDEDNVAPFP
TDKDKDGMAP
HTFPQTAIGV
HTFPQTSIGV
4432543645





