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Significance

Insulin plays a crucial role in the 
autoimmune progression of type 
1 diabetes, as evidenced by the 
simultaneous presence of 
autoantibodies and autoreactive 
T cells specific to insulin during 
the onset of the disease. Central 
tolerance in the thymus, 
achieved through promiscuous 
expression of insulin in thymic 
epithelial cells, is a crucial 
mechanism preventing the 
generation of these T cells. 
Robust measurements of thymic 
selection, employing T cell 
receptor transgenics, reveal that 
thymus Aire does not influence 
model register-3A and 
register-3B T cells. Importantly, 
our findings indicate that 
high-affinity insulin-specific T 
cells are deleted in an Aire-
dependent manner within the 
thymus. Consequently, we 
propose a model in which Aire 
facilitates the deletion and 
selection of high-affinity insulin-
specific T cells.
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IMMUNOLOGY AND INFLAMMATION

Aire mediates tolerance to insulin through thymic trimming 
of high-affinity T cell clones
Jennifer A. Smitha,1, Benjamin T. K. Yuena,1, Whitney Purthaa, Jared M. Balolonga , Jonah D. Phippsa , Frances Crawfordb, Jeffrey A. Bluestonec,  
John W. Kapplerb,d,e , and Mark S. Andersona,2

Edited by Kristin Hogquist, University of Minnesota Medical School Twin Cities, Minneapolis, MN; received November 27, 2023; accepted March 16, 2024

Insulin is a central autoantigen in the pathogenesis of T1D, and thymic epithelial cell 
expression of insulin under the control of the Autoimmune Regulator (Aire) is thought to 
be a key component of maintaining tolerance to insulin. In spite of this general working 
model, direct detection of this thymic selection on insulin-specific T cells has been some-
what elusive. Here, we used a combination of highly sensitive T cell receptor transgenic 
models for detecting thymic selection and sorting and sequencing of Insulin-specific 
CD4+ T cells from Aire-deficient mice as a strategy to further define their selection. 
This analysis revealed a number of unique t cell receptor (TCR) clones in Aire-deficient 
hosts with high affinity for insulin/major histocompatibility complex (MHC) ligands. 
We then modeled the thymic selection of one of these clones in Aire-deficient versus 
wild-type hosts and found that this model clone could escape thymic negative selection 
in the absence of thymic Aire. Together, these results suggest that thymic expression of 
insulin plays a key role in trimming and removing high-affinity insulin-specific T cells 
from the repertoire to help promote tolerance.

Aire | insulin | antigen-specific | T cell selection | thymic selection

Thymic tolerance plays a key role in the prevention of autoimmunity. Autoreactive T cells 
are involved in the initiation of type 1 diabetes (T1D) disease state and its progression 
and are thought to arise at least in part due to the breakdown in thymic tolerance (1, 2). 
Insulin serves as a major target and stimulus for autoreactive cells, with insulin-reactive 
CD4+ T cells and insulin-specific autoantibodies found in patients with T1D and in the 
nonobese diabetic (NOD) mouse model of T1D (3, 4). A number of elegant mouse 
experiments demonstrated that genetic deletion of the Insulin (Ins) genes results in com­
plete protection against the development of autoimmune diabetes, underscoring the 
importance of insulin as a major epitope (5). Thus, understanding how immune tolerance 
against insulin is shaped is key to unlocking the pathogenesis of T1D.

Genetic studies of T1D and rare monogenic forms of T1D point to thymic expression 
of insulin as an important step in maintaining immune tolerance against pancreatic islet 
cells (6–8). Genetic studies have shown a strong association between allelic polymorphisms 
in the variable number of tandem repeats (VNTRs) region of the Ins gene promoter and 
to susceptibility to T1D (7, 9). Later studies went on to demonstrate that these polymor­
phisms correlate with Ins expression within the thymus. Individuals with low copy number 
Ins-VNTRs have low thymic Ins transcription and increased T1D incidence, while those 
with high copy number Ins-VNTRs have increased thymic Ins expression and lower disease 
propensity (7–11). We have also now come to appreciate that a key mediator of thymic 
expression of many self-antigens, including insulin, is the Autoimmune Regulator (Aire) 
(12). AIRE was originally identified as the defective gene in the rare monogenic autoim­
mune syndrome, Autoimmune Polyglandular Syndrome Type 1, which is characterized 
by the development of multiple autoimmune organ-specific manifestations including 
T1D (13–17). Aire is highly expressed in medullary thymic epithelial cells (mTECs) where 
it promotes the expression of many self-antigens, including insulin (18–20) and recent 
single-cell data in the human thymus has identified and mapped thymic Ins transcripts 
specifically to Aire-expressing cells (21). Thus, a more refined picture is emerging linking 
T1D susceptibility to thymic tolerance to insulin, implicating mTECs as key mediators 
in this process.

Despite the strong link of mTEC expression of Ins to T1D susceptibility, its direct 
impact on thymic selection against insulin-specific T cells remains unclear. Insulin-specific 
T cells have been detected in both T1D patients and NOD mice, suggesting that thymic 
deletion of such clones is not complete (5, 22–28). In the NOD mouse model, most 
identified insulin-reactive CD4+ T cell clones are restricted to the 9 to 23 amino acid 
sequence of the B chain of insulin (InsB:9-23) (25, 26, 29, 30). Because this antigenic 
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peptide is longer than the 9 amino acid binding pocket of the 
NOD MHC class II allele I-Ag7, how this peptide is arranged in 
the peptide binding pocket has been an area of deep investigation. 
Previously, three registers of InsB:9-23 have been characterized 
for binding in the nine amino acid groove of I-Ag7, register 
1(12-20, Reg1), register 2 (13-21, Reg2), and register 3 (14-22, 
Reg3) (Fig. 1A). The register three arrangement of InsB:9-23 has 
an unfavorable binding affinity for the I-Ag7 binding pocket 
because of the arginine I residue in the p9 position of the peptide, 
yet the vast majority of identified InsB:9-23 clones respond to the 
insulin peptide in this register. By mutating arginine (R) to glu­
tamic acid (E) at p9 (Fig. 1B), the unfavorable arginine (due to 
its positive charge) is replaced with an optimal (negative, acidic) 

and improves peptide binding to the MHCII I-Ag7 by 100-fold 
(31–33). This mimotope sequence is termed register 3A (Reg3A), 
and this peptide can be used as an antigen or in I-Ag7 tetramers 
to characterize a large fraction of InsB:9-23 specific CD4+ T cell 
clones that have been derived from NOD mice. Additionally, a 
second mutation introducing glycine (G) into the P8 position, 
replacing the glutamic acid (E) of the peptide) termed register 3B 
(Reg3B) alters the side chain that interacts with TCRs. This pep­
tide or I-Ag7 tetramers with this peptide identify a distinct fraction 
of InsB:9-23 T cell clones that were also derived from NOD mice 
(33). Thus, the majority of InsB:9-23 T cells that have been cloned 
to date can be characterized as Reg3A or Reg3B. In parallel,  
work from the Unanue group has proposed a slightly different 
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Fig. 1.   Insulin-specific TCRs 4F7 and 8F10 are not dependent on Aire-expression in the thymus. (A) The immunogenic InsB:9-23 peptide can be bound in three 
distinct registers; the image illustrates how they sit with positions p1 to p9 (yellow highlight amino acids sidechains that would sit within the I-Ag7 groove).  
(B) Insulin register three WT and mimotopes Reg3A and Reg3B. The mutations in the register three bound mimotopes are highlighted in red: p6C>A to prevent 
dimerization, p8E>G to improve Type B TCR interaction, and p9R>E to allow I-Ag7 binding in register 3. (C) The 4F7 and 8F10 TCRs were cloned into the pMSCV-
IRES-mCherry retroviral vector and transduced the TCR-deficient 58a−b− hybridoma cell line containing an NFAT-GFP reporter. Hybridomas were stimulated 
overnight with plate-bound HEL-tetramer and anti-CD3 and anti-CD28 antibodies as controls, and Reg3A and Reg3B-tetramer and their NFATGFP expression were 
assessed via flow cytometry. (D) Representative flow plots from the thymus of 4F7 TCR transgenic mice (8 to 12 wk old; male and female, n = 3 to 12). Pregated 
on CD4+CD8− TCRVβ2+ (4F7). The frequency of register 3A tetramer+ CD4 T cells, along with absolute numbers, is shown below. (E) Representative flow plots 
from the thymus 8F10 TCR transgenic mice (8 to 12-wk-old mice; male and female, n = 3 to 12). Pregated CD4+CD8− TCRVβ8.1/8.2+ (8F10) cells. The frequency of 
register 3B tetramer+ CD4 T cells, along with absolute numbers, is shown below.
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nomenclature and peptide binding property for these clones, 
which is termed Type A and Type B (34). In previous work, Reg3A 
reagents have been shown to map to Type A cells, and Reg3B 
reagents map to Type B cells in this model (33).

Previous work on studying the behavior of Reg3A and 
Reg3B-specific T cells in the periphery of NOD mice has suggested 
that thymic expression of insulin influences the selection of Reg3A 
cells but that Reg3B cells can escape this selection (35, 36). A major 
limitation to this conclusion was lack of direct examination of 
these cell types in the thymus for their selection. Here, we tested 
Reg3A and Reg3B insulin-specific clones in a TCR-transgenic 
mouse system and found little influence for Aire-dependent thymic 
insulin expression on their selection (36, 37). We then expanded 
our analysis by sorting insulin-tetramer reactive cells from 
wild-type, Aire-deficient, and Ins-deficient genotypes and utilizing 
a single-cell sequencing approach to identify individual TCRs. We 
found evidence that in the Aire-deficient genotype, T cell clones 
with a high affinity for insulin were influenced by Aire for negative 
selection in both retrogenic and transgenic mouse models. Intr­
iguingly, these types of high-affinity T cells tolerated a number of 
c-terminal mutations in the antigenic insulin peptide. Taken 
together, these results support a model whereby thymic expression 
of Ins plays a role in the thymic deletion of high-affinity T cell 
clones with specificity to insulin rather than previously proposed 
models for Reg3A (Type A) clones being dependent on Aire for 
thymic selection (35, 36, 38, 39).

Results

Aire Does Not Regulate the Negative Selection of Canonical 
Register 3A and 3B Insulin-Specific T Cells. To address the question 
of whether Aire regulates negative selection of canonical Reg3A 
and Reg3B insulin-specific T cells differentially, we examined two 
canonical insulin-specific T cell clones 4F7 and 8F10, characterized 
by the Unanue group as Type A and Type B, respectively (31, 
33). Both TCRs utilize the TCR alpha chain TRAV5D-4 region 
but with unique CDR3 elements and have distinct TCR beta 
chains. To confirm the recognition of the InsB:9-23 peptide 
presented in Reg3, we utilized an in vitro retroviral expression 
system. TCR expression vectors were retrovirally transduced into 
58α−β− hybridoma lines containing a nuclear factor of activated 
T cells (NFAT)-inducible GFP reporter with CD4, incubated 
with plate-bound tetramers consisting of I-Ag7 bound to Reg3A 
or Reg3B mimotopes, and analyzed for NFAT signaling via GFP 
expression. The 4F7-TCR signaled only to immobilized register 
3A-tetramer while 8F10-TCR responded only to immobilized 
register 3B tetramer, confirming that 4F7 is a canonical register 
3A/Type A clone while 8F10 is a canonical register 3B/Type B, 
insulin-specific T cell clone (Fig. 1C).

To assess these clones for thymic selection in the absence of Aire 
expression, we generated TCR transgenic mouse lines for both the 
4F7 and 8F10 TCRs in the NOD background and crossed them 
onto the Aire−/− background (35, 37). TCR beta chain-specific 
antibodies and register3 mimotope I-Ag7 tetramers were used to 
identify T cells expressing the transgenic TCRs. In 4F7Tg (Aire 
sufficient) mice, 4F7Tg (Vb10+ register 3A-tetramer+) CD4+ T 
cells comprised more than 86% of the CD4+ compartment in the 
thymus. When crossed to the Aire−/− genotype (4F7Tg Aire−/−), 
there was no significant change in the frequency or absolute cell 
count of 4F7Tg CD4+ T cells in the thymus (81%) or in the spleen 
(24% versus 31%) (Fig. 1D and SI Appendix, Fig. S1A). The 4F7Tg 
and 4F7TgAire−/− mice were also tracked for T1D incidence, and 
no differences were observed (SI Appendix, Fig. S1B). In addition, 
no differences were found in the frequencies or numbers of Vb10+ 

regulatory T cell (Treg) (CD25hi FoxP3+) within both the thymus 
and spleen (SI Appendix, Fig. S1C). Similarly, we did not observe 
a difference in the frequency or numbers of 8F10Tg (Vb8.3/8.2+ 
register 3B-tetramer+) CD4+ T cells in the thymus or the spleen 
between the 8F10Tg and 8F10TgAire−/− mice (Fig. 1E and 
SI Appendix, Fig. S1D). These results showed that neither of these 
single canonical Reg3A nor Reg3B insulin-specific T cell clones 
was dependent on thymic Aire for selection.

Identification of Aire- or Ins-Dependent Insulin-Specific TCRs. 
Given that Aire expression had no impact on the thymic selection 
of Reg3A and Reg3B insulin-specific T cell clones, we hypothesized 
that this might be because both clones originated from an Aire-
sufficient NOD mouse and that Aire-driven insulin expression in 
the thymus might induce negative selection of other clonotypes 
with, for example, higher affinity for insulin/I-Ag7. Thus, to better 
assess the potential impact of Aire on the selection of the full 
endogenous repertoire of CD4 T cells recognizing these epitopes, 
we sought to determine both the quantity and quality of the 
repertoire of insulin-reactive clones found in Aire−/−, Ins-deficient 
(Ins1−/−Ins2−/−B:16Atg+), and wild-type mice. Ins1−/−Ins2−/−B:16Atg+ 
mouse lacks the expression of native insulin genes (Ins1 and Ins2) 
and expresses a mutant form of Ins2 with position InsB:16Y 
(Tyrosine) to A (Alanine) (B:16A), which effectively eliminates 
recognition by T cells, but provides endocrine insulin function 
(40). We immunized WT, Aire−/−, and Ins1−/−Ins2−/−B:16Atg+ 
mice with the immunogenic InsB:9-23 segment of insulin and 
10 d later collected the draining lymph nodes to evaluate insulin-
reactive T cells. We measured the number of IL-2-producing T 
cells by ELISPOT in response to a rechallenge with the full-length 
InsB:9-23 peptide or Reg3 mimotopes (Fig.  2A). Both Aire−/− 
and Ins1−/−Ins2−/−B:16Atg+genotypes exhibited higher numbers 
of cells reactive against the full-length InsB:9-23 peptide. The 
Ins1−/−Ins2−/−B:16Atg mice had significantly higher IL-2-producing 
cells for both Reg3 mimotopes than WT mice. The Aire−/− mice 
showed higher numbers of IL-2-producing cells in Reg3 than WT 
mice, though a statistically significant increase was only found 
when insulin was presented in Reg3B. This suggests that in the 
absence of Aire- and Ins-expression, there is an increase in the 
quantity of insulin-reactive T cells that can escape thymic deletion 
and escape into the periphery.

Next, we sought to determine the quality of Reg3-specific 
insulin-reactive T cells in the Aire−/− and Ins1−/−Ins2−/−B:16Atg mice 
after immunization with InsB:9-23. Following immunization with 
InsB:9-23 peptide, register 3A-tetramer+ CD4+ CD44+ T cells  
were quantified by flow cytometry. We observed a significant 
increase in the frequencies and number of tetramer+ cells in the 
NOD.Ins1−/−Ins2−/−B:16Atg mice (Fig. 2B). We sorted these register 
3A-tetramer+ CD4 T cells from pooled mice and used single-cell 
sequencing to identify their unique TCR alpha and beta chains. 
We obtained hundreds of paired TCR alpha and beta sequences in 
WT, Ins-deficient, and Aire-deficient genotypes for register 
3A-tetramer+ cells (WT, n = 297; Ins1−/−Ins2−/−B:16Atg, n = 384; 
Aire−/−, n = 189) and fewer register 3B-specific cells (WT, n = 150; 
Ins1−/−Ins2−/−B:16Atg, n = 33) (Fig. 2C). Clonal expansion within 
the dataset was assessed by matching all VDJ regions and CDR3 
of both chains at the nucleotide level resulting in the identification 
of hundreds of unique clones (WT, n = 148; Ins1−/−Ins2−/−B:16Atg, 
n = 146; Aire−/−, n = 62) and fewer register 3B-specific cells (WT, 
n = 144; Ins1−/−Ins2−/−B:16Atg, n = 30) (Fig. 2C). Considering only 
the unique clones identified, we observed a strong bias toward 
TRAV5D-4 gene usage across all three genotypes (Fig. 2D and 
SI Appendix, Figs. S2A and S3A), consistent with published liter­
ature highlighting the highly conserved TCR alpha chain 
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preference for insulin peptide recognition (25, 41, 42). A striking 
preference for TRBV1 and TRBV5 was observed across the three 
genotypes, in addition, Aire−/− genotype displayed a preference for 
TRBV15 (Fig. 2D and SI Appendix, Fig. S2B), suggesting that 
there may be some preferential beta chain gene usage in conjunc­
tion with the TRAV5D-4 bias. The Gini index was calculated to 
quantify the inequality of clonal distribution between the datasets 
ranging from 0 (maximum diversity, equal distribution of all 
clones) to 1 (no diversity, single clone) (43, 44). Although TCR 
alpha and beta gene usage were found to be similar across all three 
genotypes, there was an increase in the Gini index for the clones 
identified in Ins1−/−Ins2−/−B:16Atg and Aire−/− mice compared to 

the WT mice, driven by the increased clonal expansion observed 
(>=2) (SI Appendix, Fig. S2C and Fig. 3A). Therefore, more gene 
usage restriction was observed within the clones in the 
Ins1−/−Ins2−/−B:16Atg and Aire−/− insulin-reactive repertoires.

Next, we identified subsets of clones within the Reg3A dataset 
that were distinctive within the Aire−/− (n = 59), Ins1−/−Ins2−/−B:16Atg 
(n = 140), or WT clonal datasets (n = 139) (SI Appendix, Fig. S2D). 
Here, a subset of TCRs’ with matching VDJ gene usage and both 
CDR3 amino acid sequences were identified in both the WT and 
Ins1−/−Ins2−/−B:16Atg insulin-reactive repertoires (n = 6), and  
WT and Aire−/− insulin-reactive repertoires (n = 3) (SI Appendix, 
Fig. S2E). However, no identical TCRs were shared across all three 
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Fig. 2.   Aire- and Insulin-dependent insulin-specific TCRs. NOD WT, Aire−/−, and Ins1−/−Ins2−/−B:16ATg+ mice were immunized with the immunogenic InsB:9-23, 
and the insulin-reactive clones were assessed after 10 d. (A) IL-2 ELIspot was used to enumerate the insulin-reactive clones in 1 × 106 cells via a rechallenge 
with the InsB:9-23, register 3A, and register 3B peptides. Experiments use 8 to 12-wk-old mice; male and female, n = 3. (B) Quantification of register 3A-reactive 
CD4+ CD44+ T cells in all three genetic backgrounds following immunization. This strategy was also used to isolate these Reg3A-reactive CD4+ CD44+ T cells for 
single-cell VDJ sequencing. (C) The table represents the total paired TCR sequences and the number of unique TCR clones recovered. (D) Circos plots depicting 
the frequency of TRAV-TRBV pairing within the unique clones identified across the three genotypes in the Reg3A-tetramer+ cells. The dominant TRAV pairing 
with TRBV is colored for WT (black), Ins1−/−Ins2−/−B:16ATg+ (blue), or Aire−/− (red) for clarity. 8 to 12-wk-old mice; male and female, n = 8 to 10 pooled/experiment). 
Data were analyzed by the unpaired t test and means shown in gray. Asterisks indicate significance determined between groups are *P < 0.05, **P < 0.01,  
***P < 0.001, and ****P < 0.0001.
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genotypes. Comparing only the CDR3 alpha amino acid sequence, 
regardless of the VDJ gene usage, 10 CDR3 alpha sequences were 
shared between all three genotypes: the Aire−/− insulin-reactive rep­
ertoire shared 3 CDR3 alpha sequences with Ins1−/−Ins2−/−B:16Atg, 
and 4 with the WT dataset, and the Ins1−/−Ins2−/−B:16Atginsulin-reactive 
repertoire shared 13 with the WT dataset (SI Appendix, Fig. S2F). 
For CDR3 beta amino acid sequences, regardless of the VDJ usage, 
5 were shared between all three genotypes, Aire−/− shared 2 sequences 
with Ins1−/−Ins2−/−B:16Atg and 5 with WT; Ins1−/−Ins2−/−B:16Atg 
shared 8 with WT (SI Appendix, Fig. S2G), suggesting public 
motifs within the CDR3 regions may contribute to the insulin 

recognition presented in Reg3A. These data did not reveal unique 
VDJ and CDR3 features associated with the Ins1−/−Ins2−/−B:16Atg 
and Aire−/− datasets compared to the WT dataset; therefore, a 
signature of selection dependent on insulin expression in the thy­
mus is not evident.

Similarly, we identified subsets of TCRs with the Reg3B data­
set that are uniquely found in the Ins1−/−Ins2−/−B:16Atg (n = 30) 
or in the WT mice (n = 141) (SI Appendix, Fig. S3A). A similar 
gene bias was found toward the TRAV5D-4 alpha chain 
(SI Appendix, Fig. S3B) and TRBV1 and TRBV5 beta chains. 
Pairing with TRBV2 gene usage was increased compared to Reg3 
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Type A TCRs (SI Appendix, Fig. S3 A and B). There were no 
shared TCRs between the genotypes (SI Appendix, Fig. S3C); 
however, there were 8 shared CDR3 alpha amino acid sequences, 
and 1 shared CDR3 beta amino acid sequence between the 
Ins1−/−Ins2−/−B:16Atg and WT (SI Appendix, Fig. S3 D and E), 
suggesting again that there are public CDR3 motifs that con­
tribute to insulin Reg3 Type B recognition. Several matching 
TCRs within the WT and Ins1−/−Ins2−/−B:16Atg datasets were 
identified between the Reg3A and Reg3B datasets (SI Appendix, 
Fig. S3 F and G). This observation suggests that there are unique 
TCRs found with the WT and Ins1−/−Ins2−/−B:16Atg datasets that 
may not fit into only the Reg3A and Reg3B categories and may 
be more promiscuous in their recognition of insulin. Furthermore, 
all the matched TCRs identified between the genotypes and 
Reg3A and RegB recognition utilize the TRAV5D-4 and either 
TRBV1/TRBV5 genes and are clonally expanded (=>2) within 
their respective datasets.

A Fraction of Clonally Expanded Reg3A-Binding Clones Cross-
React with Insulin in Reg3B. We next sought to confirm the 
insulin reactivity of TCRs identified through sequencing. First, we 
identified the most frequent unique clones in each genotype WT-
241 (7.2%), Ins-193 (11.1%), and Aire-227 (14.1%) (Fig. 3A). 
Additionally, we looked at several unique TCRs found in lower 
frequencies from the Aire−/− and Ins1−/−Ins2−/−B:16Atg datasets 
Aire-280 (8.3%), Aire-405 (1.3%), and Ins-104 (9.8%) (Fig. 3A). 
These clones contained a CDR3 alpha “GSALGRLHF” motif 
found within the Aire−/− and Ins1−/−Ins2−/−B:16Atg sequencing that 
was not within the WT insulin-reactive repertoires. Additionally, 
they differed in their TRBV gene usage and had unique CDR3 beta 
sequences (Fig. 3B). We utilized the in vitro retroviral expression 
system described previously (45) to rebuild these clones. Briefly, 
TCRs were introduced into expression vectors and retrovirally 
transduced into 58α−β−NFATGFP hybridoma lines, incubated with 
plate-bound Reg3A-tetramer or Reg3B-tetramers overnight, and 
analyzed for NFATGFP signaling. All TCRs identified and rebuilt 
responded to insulin presented in Reg3A, regardless of genotype 
(Fig. 3C). In addition, three of the tested TCRs also recognized 
insulin presented in Reg3B (Ins-104, Aire-280, and Aire-405). 
These cross-reactive TCRs all utilized the conserved TRAV5D-4 
alpha chain. Ins-104 and Aire-280 share the CDR3 alpha motif 
“GSALGRLHF” and are paired with TRBV1 and share a CDR3 
beta motif containing “GGGA” (Fig. 3C, bold). The Aire-405 
TCR is distinctive, and although it contains a similar CDR3 
alpha motif, “GSALGRLHF,” it has a unique TRBV gene segment 
and CDR3 beta sequence. In sum, we identified several insulin-
reactive clones that can respond to insulin presented in Reg3A and 
Reg3B that were found only in the Aire−/− and Ins1−/−Ins2−/−B:16Atg 
datasets.

To further test the specificity of the dual reactive clones, we 
created a series of I-Ag7 Reg3 mimotopes, substituting the p8 posi­
tion with either the leucine (L) (Reg3-p8L) or valine (V) 
(Reg3-p8V). The Ins-104 and Aire-280 hybridomas responded 
only to the plate-bound Reg3A and Reg3B tetramers and not the 
Reg3-p8L or Reg3-p8V tetramers (Fig. 4A). In contrast, the 
Aire-405 clone responded robustly to all amino acid substitutions, 
suggesting that this TCR may have a promiscuous recognition of 
the presented peptide. The binding affinity of the Aire-405 TCR 
to the I-Ag7 molecule presenting the range of register 3 peptides 
(Reg3A, Reg3B, and Reg3-p8V) was high, with a dissociation con­
stant (KD, μM) calculated at 2.2, 3.0, and 11, respectively (Fig. 4B). 
These affinities are typical for conventional CD4 T cells with high 
affinity for conventional MHCII–foreign peptide complexes (46). 

Next, we used Alanine screening to determine how the Aire-405 
TCR interacts with the I-Ag7 presenting the insulin peptide in 
Reg3A. Expression vectors encoding the Aire-405 TCR, control 
type A 12-4.1 TCR (47, 48), and control type B 8F10 TCR were 
transduced into the murine T cell (5KCα−β−) hybridoma cell line, 
which secretes IL-2 upon T cell stimulation. The relevant insulin 
mutant peptides were loaded onto M12.C3.G7 antigen-presenting 
cells, an I-Ag7-expressing variant of the B cell lymphoma, M12.C3 
(33, 49), and cocultured with the TCR-expressing hybridomas for 
24 h. The Aire-405 responded robustly to both the Reg3 WT (p9R) 
and Reg3A peptides (Reg3B was not included), whereas the control 
Reg3A and Reg3B clones only responded to the Reg3A and Reg3B 
peptides, respectively, but not well to the Reg3 WT (9R) insulin 
peptide (Fig. 4C). Mutating P-1 (-1A9E), P2 (2A9E), P3 (3A9E), 
and P5 (5A9E) Reg3A insulin peptide abolished the production of 
IL-2 from the 405-hybridoma (Fig. 4C), highlighting the impor­
tance of the N-terminal portion of the peptide in Aire-405 recog­
nition. In sum, we identified a dual Reg3A+B reactive high-affinity 
TCR that recognizes insulin presented by the I-Ag7 predominantly 
by the TCR alpha chain (TRAV and CDR3 regions) and is largely 
unaffected by alterations to the epitope in p8 position in the 
c-terminal region.

Insulin-Specific TCRs Identified from Aire-Deficient NOD Mice 
Can Evade Negative Selection in the Thymus. We next sought 
to determine whether the thymic selection of T cells expressing 
the Aire-405 and Aire-280 TCRs depended on Ins expression in 
the thymus. We first transduced the Aire-405 and Aire-280 TCR 
constructs into CD45.2+ Rag2−/− DN (double negative) thymocytes. 
These thymocytes were then introduced via intrathymic injection into 
the thymus of CD45.1+ WT or Ins1−/−Ins2−/−B:16Atgmice that had been 
sublethally irradiated (SI Appendix, Fig. S4A). Thymocytes bearing 
the TCR of interest could be identified using a mCherry construct 
reporter and quantified via flow cytometry. We hypothesized that T 
cells sensitive to Ins expression in the thymus would be negatively 
selected during thymic development in WT animals but not in 
Ins1−/−Ins2−/−B:16Atgmice. Indeed, significantly fewer CD4+ mCherry+ 
transduced cells were present in injected WT thymus when compared 
to Ins1−/−Ins2−/−B:16Atgthymus(SI Appendix, Fig. S4A). No differences 
were found within the spleen (SI Appendix, Fig. S4B). Similar results 
were observed for the CD45.2+ expressing Aire-280 TCR, with 
significantly lower CD4+ mCherry+ cells in NOD.WT thymus and 
spleen when compared to NOD.Ins1−/−Ins2−/−B:16Atg(SI Appendix, 
Fig.  S4 C and D). These results support the conclusion that Ins 
expression in the thymus directly induces the negative selection of 
some insulin-reactive clones identified in mice deficient in Aire.

Next, we turned to a transgenic mouse system to test the thymic 
selection of the Aire-405 in the presence or absence of Aire and 
generated mice expressing the Aire-405 TCR (405Tg) in the NOD 
background (50, 51). Here, we found evidence for robust expression 
of the 405 TCR in thymocytes (SI Appendix, Fig. S5A) and spleno­
cytes (SI Appendix, Fig. S5B). The 405 TCR transgenic animals 
showed only minor differences in thymocyte frequencies compared 
to the NOD WT animals (SI Appendix, Fig. S5 C and D). We also 
noted a slight increase in CD5 expression on double-positive 405Tg 
thymocytes and a slight decrease in CD5 expression on single-positive 
CD4+ thymocytes (SI Appendix, Fig. S5E) compared to NOD WT. 
405Tg animals had slightly lower amounts of FoxP3+ Tregs in the 
thymus (SI Appendix, Fig. S5F), a difference that was not observed 
in the periphery between 405Tg and NOD WT animals (SI Appendix, 
Fig. S5G). The 405 TCR strongly binds to both Reg3A and Reg3B 
forms of insulin peptide (SI Appendix, Fig. S5H) in single-positive 
CD4+ thymocytes. Finally, when compared to NOD WT, 405Tg 
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animals showed higher amounts of immune infiltrate, consistent 
with our model of 405 TCR as diabetogenic (SI Appendix, Fig. S5I).

To determine the effects of Aire deficiency on the clonal deletion 
of the 405Tg transgenic cells, we next crossed 405Tg mice to the 
Aire−/− genotype. Flow cytometry analysis of the thymus found no 
significant differences in overall thymic development (Fig. 5A). 
However, when the number of Vβ10+ cells, the large majority of 
which express the transgenic TCR beta chain, was assessed within 
the SP CD4+ T cells, a significant increase was found in 405TgAire−/− 
(84%) compared to the 405Tg (75%) littermates (Fig. 5B). 
Moreover, a greater increase in Reg3A-reactive tetramer+ cells was 

also seen (43% 405Tg; 74% 405TgAire−/−) (Fig. 5C). We also found 
a dramatic decrease in the number of Vb10+ Tregs (FoxP3+ 
CD25hi) in the thymus of 405Tg Aire−/− compared to the 405Tg 
controls (Fig. 5D). In the periphery, we did not observe a difference 
in the percentage of CD4 T cells nor Vβ10+ cells (Fig. 5 E and F). 
However, an increase in the percentage of high-affinity Reg3A- 
reactive tetramer+ cells was found (Fig. 5G), as these cells appear 
to be more persistent in the periphery. In addition, insulitis dra­
matically increased in the 405TgAire−/− at 12 wk of age (Fig. 5H) 
compared to the 405Tg mice; however, we did not find mice spon­
taneously developing diabetes in this background similar to what 
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Fig. 4.   Aire-405 TCR has promiscuous insulin recognition. (A) The Ins-104, Aire-280, and Aire-405 T cell hybridomas were stimulated with plate-bound tetramers 
to confirm their reactivity to the various register three peptides: p8E, p8G, p8V, and p8L. Hybridomas were stimulated as described above for 20 to 24 h, and 
the flow cytometry was used to access the % of GFP+ (NFAT+) hybridomas out of all mCherry+ (TCR+) cells. Representative plots of at least two independent 
experiments are shown. (B) SPR data (RU, resonance units) from a single experiment are shown for binding of various concentrations of the soluble Aire-405 
TCR to I-Ag7 with a covalent register three peptides bearing p8E, p8G, or p8V, each immobilized via a biotin tag in a BIAcore streptavidin flow cell. Data from a 
fourth flow cell containing immobilized I-Ag7–bound to a control peptide (HEL) was used to correct the fluid phase SPR signal data. Standard BIAcore Biaeval 4.0 
software was used to fit the data to a first-order kinetic model and to calculate the kinetic association rate (kd, liters/mole s), dissociation rate (ka, 1/s), half-life 
(t½, s), and overall dissociation constant (KD, μM). Error bars represent SEMs. (C) Above: The structure of the InsB:12-23 peptide with the p9R>E mutation within 
the I-Ag7 groove is shown. Below: This soluble peptide (green) and versions with alanine mutations at upwardly pointing amino acids p-1, p2, p3, and p5 (violet), 
p7 (blue), and p8 (red) were titrated with I-Ag7 presenting cells to stimulate IL-2 production from the 5KC avatar T cell transduced with the 405 TCR. A version 
with natural unmutated p8Ep9R (black) was also used as a control peptide. The responses of a typical diabetic Type A (12-4.1) and Type B (8F10) T cell are shown 
with the p8Ep9R control peptide (black), and with a p9E peptide carrying the optimal p8 amino acid, E (12-4.1, green) or G (8F10, orange) are shown as well. The 
data are average with SEM of the normalized results of three separate experiments.
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has been described for other islet-specific TCR transgenic lines 
(52, 53).

Discussion

Here, we have identified Aire-405 TCR, a unique high-affinity 
clone for InsB:9-23 bound in I-Ag7 in the unfavorable Reg3 
that is nonetheless deleted in the thymus via Aire-dependent 
mechanisms. Despite the existing knowledge of the thymic 
expression of insulin in both humans and mice, limited studies 
have directly examined the selection of insulin-specific cells in 
the thymus. In addition, it is important to emphasize that pre­
vious investigations of specific insulin-reactive TCRs have uti­
lized clones derived from Aire-sufficient hosts and, therefore, 
were less likely to identify specificities that are dependent on 
Aire-driven expression of thymic insulin. The identification of 
Aire-405 TCR underscores the significance of examining not 
just the TCR sequences and their in vitro and in vivo properties 
but also emphasizes the crucial role of the genetic background 
from which they originate.

Insulin-specific CD4 T cells in NOD mice are generally restricted 
to a dominant peptide epitope, InsB:9-23, that can be presented by 
I-Ag7 in three different registers (29, 30, 34, 54, 55). Previous work 
by Unanue et al. proposed two epitopes within the InsB:9-23, cre­
ating two sets of insulin-reactive T cells referred to as type A and B 
(35, 36, 38, 39). Meanwhile, Kappler et al. demonstrated that most 

InsB:9-23 T cell clones identified in NOD mice recognize insulin 
in register three stabilized by the introduction of glutamic acid (E) 
at position nine replacing the unfavorable arginine R (32, 33, 55). 
Selection of the insulin-reactive clones in the thymus has been pro­
posed by both Kappler and Unanue groups to be associated with 
weak-peptide binding and with the poorly presented epitopes capa­
ble of escaping deletion (Type B and register 3B) in comparison to 
their stably presented counterparts which results in deletion or Treg 
selection (Type A and register 3A). Unlike previous studies that meas­
ured cell frequencies in the periphery (38), we developed TCR trans­
genic mouse lines to directly assess the thymic selection of both types 
of canonical T cells. Here, we find that when this method directly 
assesses thymic selection, neither a canonical Reg3A clone (4F7) nor 
a canonical Reg3B clone (8F10) had their thymic selection altered 
in the absence of Aire.

As the canonical Reg3A and Reg3B reactive clones, 4F7 and 8F10, 
were identified in an Aire-sufficient host, we reasoned that 
insulin-reactive clones dependent on Aire-expression in the thymus 
are more likely to be identified in the mice deficient for Aire. Utilizing 
the register 3 tetramers, our sequencing results identified important 
consistencies across the three genotypes including the preferential 
use of the TRAV5D-4 gene for the TCR alpha chain consistent with 
published data (41). Uniquely, we identified a consistent preference 
in the use of the TCR beta chain within the dataset of insulin-reactive 
TCRs, regardless of the genotype. This dataset is valuable for 
researchers studying insulin-specific CD4 T cells in the NOD mouse 
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Fig. 5.   Insulin-specific T cell clone 405 undergoes Aire-mediated deletion. (A) CD4 and CD8 flow cytometric profiles of 405Tg and Aire−/−405Tg thymocytes (Left). 
Percentage of DN (double negative), DP (double positive), SP (single positive) CD4, and SP CD8 thymocytes (Right). (B) Representative plots of cell surface staining 
of Vβ10+on SP CD4 T cells in the periphery (Left). Percentage of Vβ10+ SP CD4 T cells in the periphery (Right). (C) Representative plots of double positive (APC 
and PE) Reg3A-tetramer staining of SP CD4 T cells thymocytes (Left). Percentage of Tetramer+ SP CD4 T cells thymocytes (Right). (D) FoxP3 staining of SP CD4 
cells thymocytes (Left). Percentages of FoxP3+ CD25hi in the WT and 405Tg mice (Right). (E) CD4 and CD8 flow cytometric profiles of 405Tg and Aire−/−405Tg in the 
periphery (pooled LNs) (Left). Percentage of CD4 and CD8 T cells (out of total CD45+ cells) in the periphery (Right). (F) Representative plots of cell surface staining 
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Significant peri-islet lymphocytic infiltrate (red arrows) on islet histology of Aire−/−405Tg mice (Left). A dramatic increase in the insulitis levels in the Aire−/−405Tg 
mice compared to 405Tg controls is also observed at 12 wk (males and females), consistent with reduced deletion of these autoreactive cells (Right). Data were 
analyzed by the unpaired t test, and the mean was displayed. Asterisks indicate significance *P < 0.05.
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model. Further investigation into the uniquely identified and 
expanded clones in the Aire-deficient genotype highlighted clones 
that were cross-reactive to both register 3 conformations (Reg3A and 
Reg3B). Intriguingly, these data suggest that TCRs with this property 
could have enough c-terminal promiscuity to react against an 
insulin-hybrid peptide which has been recently invoked as an impor­
tant potential trigger for T1D (56). Ultimately, the establishment of 
the TCR transgenic model for Aire-405 allowed us to directly assess 
how Aire and thymic insulin expression influence the selection of 
high-affinity T cells. Notably, we observed reduced deletion of this 
TCR in the Aire-deficient background, concomitant with a decrease 
in thymic Foxp3+ Tregs in the Aire-deficient background, implying 
that thymic insulin plays a role in driving their positive selection. 
These results demonstrate that the thymic expression of insulin 
through Aire drives thymic selection against high-affinity 
insulin-specific TCRs. However, low-affinity TCRs can pass through 
this mechanism relatively unscathed, and this may also be related to 
the relatively weak binding of the dominant insulin epitope for CD4 
T cells of InsB:9-23.

Our results support a model by which thymic insulin expression 
driven by Aire is important for trimming high-affinity T cells, and 
these results suggest that perhaps developing alternative approaches 
to enhance or stabilize insulin expression in the thymus could be 
explored to enhance tolerance in T1D. For example, introducing 
stabilized Ins register 3 epitopes into the thymus may enhance central 
tolerance mechanisms. Another potential option is to increase the 
levels of Aire expressing mTECs within the thymus, increasing the 
levels of Ins expression. We have previously shown that OPG−/− mice 
dramatically increase the number of Aire+ mTECs (57), highlighting 
the importance of the RANK-RANKL-OPG axis. Whether selec­
tively blocking the decoy receptor for RANKL, OPG, or treatment 
with RANK-Fc would lead to increased mTECs. Another approach 
may include using embryonic stem cell-derived thymic epithelial 
cells (21) to generate a new functional thymus that can be engineered 
to express the stabilized insulin. Such approaches are now becoming 
feasible and could help translate our fundamental findings here on 
thymic selection to changing the course of immune tolerance to 
insulin and the development of T1D.

Materials and Methods

Mice. Female NOD/ShiLtJ (Jackson laboratories) mice were housed and bred under 
specific pathogen-free conditions in accordance with the UCSF (San Francisco, CA) 
Animal Care and Use Committee guidelines. NOD. 8F10Tg and NOD.4F7Tg mice 
have been previously described (36, 37). Aire−/− NOD mice were maintained in 
the lab. Ins1−/−Ins2−/−B:16Atg+transgenic line NOD mice were a gift from Maki 
Nakayama (University of Colorado Denver). All protocols were approved by the UCSF 
Institutional Animal Care and Use Committee.

Hybridoma Assays. TCRs of interest were cloned into the pMSCV-IRES-
mCherry retroviral vector (Addgene). The virus was generated using Phoenix-
ECO packaging cells to transduce the TCR-deficient 58α−β− hybridoma cell 
line, modified to express GFP downstream of an NFAT promoter. Hybridomas 
were stimulated with 2.5 μg/mL plate-bound tetramer) in PBS coated for 2 h 
at 37 °C (33). Cells were stimulated and analyzed the following day for GFP 
expression.

Flow Cytometry. Single-cell suspensions from various organs were blocked with 
tetramer block (2.4G2, BioXcel, Normal Rat Serum, Jackson Immunoresearch. 
Thomas Scientific) and stained with antibodies of indicated specificities in PBS 
buffer with 2% FBS. APC- or PE-conjugated tetramer of I-Ag7 bound to insulin 
9:23 mimotopes p8E (HLVERLYLVCGEEG) and p8G (HLVERLYLVCGGEG) (33) and 
HEL (AMKRHGLDNYRGYSL), obtained from the NIH tetramer facility, Atlanta, 
GA. Flow cytometry analyses were performed on an LSRII (BD Biosciences) and 

were analyzed with Flow Jo software (TreeStar, Inc.). For additional details, see 
SI Appendix, Supplemental Experimental Procedures.

Immunization. Mice were immunized in the flank with 0.1 mg of peptide 
(GeneScript) emulsified 1:1 in Complete Freund’s Adjuvant (7001, Chondrex). 
Cells were collected for downstream analysis 10 d later.

IL-2-Specific Enzyme-Linked ImmunoSpot Assay. Enzyme-Linked Imm­
unoSpot (ELISPOT) assays in MultiScreen 96-well plates (S2EM004M99, 
Millipore) were performed according to manufacturer guidelines using the 
BD ELISPOT Mouse IL-2 ELISPOT Pair (551876, BD Biosciences). Plates were 
developed by incubating with 1:500 with streptavidin-HRP (557630; BD 
Biosciences) for 1 h at room temperature and developed using AEC Substrate 
and AEC Chromogen (551951, BD Biosciences). Plates were dried until image 
capture and spot counting by a CTL ELISpot reader with Immunospot software. 
Data are presented as “cSPW” (background-subtracted “Corrected Spots/Well”).

Tetramer Pull-Down Enrichment. Tetramer enrichment and staining were 
performed as previously described (58, 59). CD3+CD4+CD8−CD44+Tetramer+ 
cells were FACs sorted on a FACs Aria 3u (BD Biosciences).

Single-Cell TCRαβ Sort and Sequencing. Tetramer+cells were flow sorted into 
single wells of a 96-well plate, and TCR sequences were obtained using three 
rounds of PCR to amplify and barcode before sequencing on an Illumina MiSeq. 
For additional details, see SI Appendix, Supplemental Experimental Procedures.

Soluble Peptides and I-Ag7-Peptide Complexes. All soluble peptides for these 
studies were obtained from GenScript Biotech Corp and used as described in the 
text. For the InsB:9-23 insulin peptides, various truncations and mutations were 
used, as described in the test for individual experiments. In most in vitro experi­
ments with these soluble peptides, the cysteine at B:19 was mutated to alanine to 
avoid peptide dimerization. Biotinylated soluble versions of I-Ag7 complexed with 
peptide were produced either in the NIH Tetramer Core Facility for flow cytom­
etry experiments or in the Kappler laboratory (32, 33) for surface plasmon res­
onance (SPR) experiments as described. For additional details, see SI Appendix, 
Supplemental Experimental Procedures.

SPR Measurements. Approximately 2,000 RU of biotinylated I-Ag7-8E9E, I-Ag7-
8G9E, I-Ag7-8L9E, or I-Ag7 with a HEL control peptide were captured in the four 
separate flow cells of a BIAcore streptavidin BIAsensor chip. Various concentrations 
of the soluble 405 TCR were injected, and the association and dissociation kinetics 
were followed by recording the SPR signal. The SPR data were analyzed with 
BIAcore BIAEval 4 software using the signal obtained with the control I-Ag7-HEL 
flow cell to correct for the fluid phase resonance signal.

Generation of Aire-405 TCR Transgenic Mice. Transgenic mice were produced 
by the Mouse genetic core facility at National Jewish Health. The TCR variable region 
of the Aire-405 alpha chain was cloned into the pCD2 vector, and the beta chain was 
cloned into the p428 TCR transgenic vector (50, 51). Plasmids were linearized and 
co-injected into NOD embryos. More details are included in SI Appendix section.

Histology. Pancreas were harvested and fixed overnight in 10% formalin, washed 
in 30% ethanol, and then stored in 70% ethanol. The fixed pancreas was embed­
ded in paraffin, sectioned, and stained with H&E by HistoWiz, Inc. Scoring of 
immune infiltration was performed blind.

Statistical Analysis. Unless stated otherwise, analysis was performed using 
Prism 9 (GraphPad Software). All statistical tests performed and P-values are 
stated in the figure legends.

Data, Materials, and Software Availability. Raw short-read sequences for this 
project have been deposited in the Sequence Read Archive (SRA) and assigned 
the bioproject number PRJNA1082731(60). The datasets generated during the 
current study are available in Dataset S1.
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