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Supplementary Fig. 1. Validation of granule isolation and diabetes development. 

a. Responses of two CD4+ T cell hybridomas during in vitro stimulation with intact insulin 

and three peptides associated with insulin B-chain, including B:9-23 

(SHLVEALYLVCGERG) that contains both G20 (VEALYLVCG, underscored with blue 

line) and E21 (EALYLVCGE, underscored with red line) binding registers, Syn-G20 

(TEGVEALYLVCGGGS) containing G20 with surrogate flanks, and Syn-E21 

(TEGEALYLVCGEGGS) containing E21 with surrogate flanks.

b. Peptide concentration required for each hybridoma to reach half maximal responses 

(EC50) from three independent measurements. The results indicate comparable 

sensitivity of the two hybridomas. ns, not significant; Two-tailed paired t test.

c. Schematics of isolating subcellular fractions from islets of 4-week-old female NOD 

mice, created in BioRender. Wan, X. (2022) BioRender.com/g66g962

d. Response of 9B9 and IIT-3 T cells to indicated subcellular fractions offered to the 

C3.g7 APC. Data (mean ± s.e.m) summarize results from n=3 in three independent 

experiments; each symbol represents an experiment.

e. ELISA analysis of acid phosphatase levels in indicated fractions. Data (mean ± s.e.m) 

summarize results from n=3 in three independent experiments; each symbol 

represents an experiment.

f. Bicinchoninic acid (BCA) protein assay of the contents from indicated subcellular 

fractions isolated from 4-week-old female NOD and B6g7 mice. Data (mean ± s.e.m) 

summarize results from n=2 in two independent experiments. ns, not significant; Two-

way ANOVA test.

g. Response of IIT-3 and 9B9 T cells to indicated subcellular fractions isolated from 4-

week-old female NOD and B6g7 mice. Data (mean ± s.e.m) summarize results from 

n=2 in two independent experiments. ns, not significant; Two-way ANOVA test.

h. Diabetes incidence in female NOD mice (n shown in figure) in separate monitoring 

cages versus untreated control mice that were monitored alongside mice given PBS or 

chloroquine. Diabetes incidence of male NOD mice in the monitoring cages is also 

shown. ns, not significant; Log-rank (Mantel-Cox) test.

i. Insulitis development between 6-week (n=60 islets) and 16-week (n=60 islets) non-

diabetic female NOD mice in the monitoring cages. Shown are representative H&E 

images and quantification of insulitis scores of 60 islets from five mice per age. ****P < 

0.0001; Mann-Whitney test, two-tailed.
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Supplementary Fig. 2. Treatment with chloroquine diminishes the production of 

hybrid insulin peptides in crinosomes.

a. Presentation of G20 by dispersed islet cells (islet resident macrophages) from 4-week-

old female NOD mice given PBS or chloroquine without antigen pulse (n=20 for each

condition in two independent experiments) or during pulse with the B:9-23 peptide (10

µM) (n=9 for each condition in two independent experiments). Data (mean ± s.e.m)

summarize results from two independent experiments; each symbol represents one

biological replicate including 2-5 mice. ns, not significant; ***P = 0.0009; Mann-Whitney

test, two-tailed.

b. Spontaneous presentation of G20 by blood leukocytes isolated from 4-week-old female

NOD mice given PBS (n=6) or chloroquine (n=8) without antigen pulse or during pulse

with the B:9-23 peptide (10 µM). Data (mean ± s.e.m) summarize results from two

independent experiments; each symbol represents results from an individual mouse.

ns, not significant; ***P =0.0010; Mann-Whitney test, two-tailed.

c. Summary of hybrid insulin peptides (HIPs) identified in crinosomes isolated from PBS

control and chloroquine-treated mice. The left and right parts of the HIP sequences are

separated by a hyphen. Also noted are the source protein regions of the left and right

parts of the HIPs. InsC; proinsulin C-peptide segments that are homologous between

proinsulin-1 and proinsulin-2. Ins1C; proinsulin-1 C-peptide. IAPP; islet amyloid

polypeptide.

d. Mirror plots illustrating a complete match between biological (top) and synthetic

standard (bottom) for HIPs identified in crinosomes isolated from PBS-treated mice.
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Supplementary Fig. 3. Analysis of T-cell responses to native and phosphorylated C-

peptides.

a. An MS spectrum showing an example of an insulin-1 C-peptide sequence identified in

the crinosome peptidome from mice given PBS control. The lowercase letters denote

the positions of the deamidated glutamine (q) and phosphorylated serine (s) residues.

b. ELISPOT assay assessing T cell responses during recall with the full-length native

insulin-1 C-peptide (EVEDPQVEQLELGGSPGDLQTLAEVARQ), the phosphorylated

C-peptide (EVEDPQVEQLELGGsPGDLQTLAEVARQ), or the deamidated C-peptide

(GDLQTLAEVARq(E)) in mice immunized with either the native C-peptide (left) or a 

mixture of the phosphorylated and deamidated C-peptides (right). Data (mean ± s.e.m) 

summarize results from individual mice (n=3). ns, not significant; Two-way ANOVA 

analysis with Tukey’s multiple comparisons test.
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Supplementary Fig. 4. Analysis of insulin epitope presentation in the thymus.

a. Sorting strategy for isolating MHC-II (I-Ag7)+ mTECs from thymi of 3-6-week-old NOD

mice. CD45- cells were enriched from the thymic cells by magnetic beads and were

stained with indicated markers for FACS-sorting. I-Ag7+ mTECs were sorted as CD45-

Epcam1+Ly51lowI-Ag7+. Preliminary experiments showed that about 95% of cells in the

CD45-Epcam1+Ly51lowI-Ag7+ population also express UEA-1, a mature mTEC marker.

b. Illustration of four epitopes known to bind to I-Ag7 from insulin B-chain and C-peptide.

The four epitopes were tested for their spontaneous presentation in the thymus.

c. Responses of two CD4+ T cell hybridomas during in vitro stimulation with epitopes from

insulin-1 (CP1; GDLQTLALEVARQ) and insulin-2 (CP2; GDLQTLALEVAQQ) C-

peptide using the C3.g7 APC. The 9-mer binding core is underlined. The data show

that the two hybridomas are specific to their respective epitopes and are non-cross-

reactive.

d. Sorting strategy for isolating B cells (CD45+B220+CD11c-), pDCs/CD11c+ B cells

(CD45+B220+CD11c+), cDC1 (CD45+B220-CD11c+XCR1+), and cDC2 (CD45+B220-

CD11c+Sirpα+) from thymus of 3-6-week-old NOD mice.

e. Sorting strategy for isolating the resident macrophages (CD45+B220-Thy1.2-

CD11c+F4/80+), cDC1(CD45+B220-Thy1.2-CD11c+F4/80-XCR1+Sirpα-), and cDC2

(CD45+B220-Thy1.2-CD11c+F4/80-XCR1-Sirpα+) from islets of 8-10-week-old female

NOD mice.
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Supplementary Fig. 5. Analysis of the thymic MHC-II peptidome.

a. Tissue localization analysis of the source proteins of the identified peptides in the 
thymic MHC-II peptidome. The source proteins were mapped 14 different peripheral 
tissues that meet the cut-off (FDR < 0.05) defined by the DAVID tool. Three tissues 
were below the cut-off and were excluded from downstream analysis.

b. Cellular component analysis of the source proteins of the identified peptides in the 
thymic MHC-II peptidome. The results depict that the source proteins belong to various 
cellular components and locations that meet the FDR cut-off).

c. Overlay of the thymic peptidome data with single-cell RNA sequencing analysis of 
post-Aire mimetic mTEC subtypes with PTA expression reflecting different peripheral 
cell types.

d. Schematic of the workflow for enriching insulin B-chain-derived peptides from the 
thymic MHC-II peptidome by antibody capture, created in BioRender. Wan, X. 
(2024) BioRender.com/s20b261. The MHC-II-bound peptides were isolated from 

unmanipulated NOD mice (3-6-week-old; n=38) and were incubated with a mixture of 

two monoclonal antibodies (6F3 and AIP) recognizing different segments of the 

insulin B-chain. The antibody-bound peptides were eluted and analyzed by mass 
spectrometry.

e. The antibody 6F3 and AIP recognize complementary peptide segments spanning the 
full-length of the insulin B-chain (B:1-30). Data depict ELISA analysis of the reactivity of 
the 6F3 and AIP antibodies to indicated plate-bound B-chain synthetic peptides.
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Supplementary Fig. 6. Analysis of insulin epitope presentation in the thymus.

a. Gating strategy for detecting tetramer positive antigen specific T cells in Secondary

lymphoid tissues (SLOs). E21 specific T cells were used as an example. SLOs from 6-

8-week-old female NOD mice were meshed through strainer to prepare single cells.

After red blood cells lysis, cells were stained with PE or APC-streptavidin conjugated 

tetramers for 1h at RT and then stained with other surface markers as indicated.

b. Gating strategy for detecting tetramer positive antigen specific T cells in thymus. E21

specific thymocytes were used as an example. Thymic tissues from 6-8-week-old

female NOD mice were meshed through strainer to prepare single cells. Cells were

stained with PE or APC-streptavidin conjugated tetramers for 1h at RT and then

stained with other surface markers as indicated.

c. Gating strategy for detecting Treg development for tetramer positive antigen specific T

cells in SLOs. E21 specific T cells were used as an example. SLOs from 6-8-week-old

female NOD mice were meshed through strainer to prepare single cells. After red blood

cells lysis, cells were stained with APC-streptavidin conjugated tetramers for 1h at RT

and then stained with other surface markers as indicated. Then cells were fixed and

permeabilized staining Foxp3.

d. Gating strategy for detecting Treg development for tetramer positive antigen specific T

cells in thymus. E21 specific T cells were used as an example. . Thymic tissues from 6-

8-week-old female NOD mice were meshed through strainer to prepare single cells.

Cells were stained with APC-streptavidin conjugated tetramers for 1h at RT and then 

stained with other surface markers as indicated. Then cells were fixed and 

permeabilized staining Foxp3.

e. Gating strategy for detecting Treg and anergic T cell development for tetramer positive

antigen specific T cells in SLOs. E21 specific T cells were used as an example. SLOs

from 6-8-week-old female NOD mice were meshed through strainer to prepare single

cells. After red blood cells lysis, cells were stained with APC-streptavidin conjugated

tetramers for 1h at RT and then stained with other surface markers as indicated. Then

cells were fixed and permeabilized staining Foxp3.
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Supplementary Fig. 7. Analysis of tetramer-binding CD4+ T cells reactive to epitopes 

presented in the thymus versus pancreatic islets.

a. A table depicting epitopes that were used for tetramer production and T cell analyses.

A total of eight epitopes were grouped in two sets. The “thymic epitope set” comprises

four epitopes that were detected by the thymic antigen presentation and

immunopeptidome analysis. The “islet epitope set” contains four epitopes that were

known to be recognized by diabetogenic CD4+ T cells and were below the detection

threshold of the thymic peptidome analysis. The sequences listed for each epitope

were identical to those used for producing tetramers.

b. Peptide binding assay depicting relative I-Ag7-binding affinities of indicated peptides.

The data show relative binding affinities normalized to a reference peptide (g7-MIME)

in three independent experiments. The dot plot (right) shows comparable overall

binding affinity of epitopes grouped into the thymic or islet epitope set. ns, not

significant; Mann-Whitney test, two-tailed.

c. Responses of the E21- and G20-specific CD4+ T cell hybridomas to plate-coated E21:I-

Ag7 and G20-20:I-Ag7 monomers. An HEL-specific T cell hybridoma was included as a

negative control.

d. Tetramer-binding CD4+ single-positive T cells for indicated epitopes in thymus of 6-8-

week-old female NOD mice. The FACS plots depict double-positive tetramer-binding

populations (gated on CD45+B220-CD8-CD11b-I-Ag7-Thy1.2+CD4+) in cells with

magnetic enrichment. The dot plot shows the numbers of tetramer-binding T cells for

each epitope (mean ± s.e.m) quantified from 4-8 individual mice in four independent

experiments.

e. Tetramer binding of CD8 T cells in SLOs and thymus. The data show minimal tetramer

binding when gated on CD8 T cells.
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Supplementary Fig. 8. Single-cell RNA sequencing analysis of tetramer-binding CD4+ 

T cells in the thymic and islet epitope set.

a. Differential expression of Cd5 and Cd6 transcript between the two naïve T cell clusters.

b. Signature genes representing the Treg cell cluster relative to the TH1-like cluster.

c. Differential expression of Cd69, Igfbp4, and Vps37b transcripts between the two early

effector clusters.

• All the genes described in this Figure meet the statistical cut-off (adjusted P < 0.05) using

the Benjamini-Hochberg correction for multiple tests.
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Supplementary Fig. 9. Analysis of anergy-associated phenotypes in tetramer-binding 

CD4+ T cells.

a. Flow cytometry analysis of two anergy markers FR4 and CD73 in tetramer-binding

CD4+ T cells for indicated epitopes. The analysis was based on three subsets

classified by the expression FOXP3 and CD44. The percentage of CD73+FR4+ double-

positive anergic T cells among each of the three subsets are summarized. (n=8: E21,

n=7: G20, n=8: HIP2.5, n=7: 6.9HIP, n=31: polyclonal T cells). ns, not significant; ***P

= 0.0003; ****P < 0.0001; One-way ANOVA with Sidak’s multiple comparisons test.

b. Incidence of diabetes development in female WT NOD and NOD.Ins2-/- mice. ****P <

0.0001; Log-rank test.

c. The numbers of E21- and G20-reactive tetramer-binding CD4+ T cells estimated in

SLOs of age/sex-matched NOD (n=11) and NOD.Ins2-/- mice (n=7). Each symbol

represents results from an individual mouse. ns, not significant; Mann-Whitney test,

two-tailed.

d. Flow cytometry analysis of FR4 and CD73 expression in the FOXP3-CD44hi subset of

E21 tetramer-binding CD4+ T cells between WT NOD and NOD.Ins2-/- mice (lower).

The gating of the FOXP3-CD44hi subset was depicted in FACS plots showing the CD44

and FOXP3 expression in E21 tetramer-binding T cells (upper). The bar graph (upper)

shows the significant decrease in the FOXP3+ Treg population in the NOD.Ins2-/- mice,

whereas the frequencies (lower) of CD73+FR4+ double-positive anergic T cells in the

FOXP3-CD44hi subset were comparable between the two strains. Data (mean ± s.e.m)

are from n=3 in three independent experiments. ns, not significant; ***P = 0.0007;

unpaired t-test, two-tailed.
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