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Abstract
Autoreactive CD8+ T cells play a key role in type 1 diabetes (T1D), but the antigen spectrum that
activates autoreactive CD8+ T cells remains unclear. Endoplasmic reticulum stress (ERS) has been
implicated in β cell autoantigen generation. Here, we analyzed the major histocompatibility complex
class I (MHC-I)-associated immunopeptidome (MIP) of islet β cells under steady-state and ERS
conditions and found a small number of peptides that were exclusively present in the MIP of the ERS-
exposed β cell line. Among them, OTUB258 − 66 showed immunodominance, and the corresponding

autoreactive CD8+ T cells were diabetogenic in NOD mice. High glucose intake upregulated pancreatic
OTUB2 expression and ampli�ed the OTUB258 − 66-speci�c CD8+ T-cell response in NOD mice. Repeated
OTUB258 − 66 administration signi�cantly reduced the T1D incidence in these mice. This study provides

novel β cell autoantigens for developing speci�c immune interventions for T1D prevention and
treatment. Data are available via ProteomeXchange with identi�er PXD041227.

INTRODUCTION
Type 1 diabetes (T1D) is an organ-speci�c autoimmune disease mainly caused by the destruction of islet
β cells by self-reactive T cells. Globally, the incidence of T1D has increased by an average annual rate of
3 ~ 4% over the past three decades, and while this disease can occur at any age, the incidence peaks in
the age range of approximately 10 ~ 14 years old (1). Although supplemental insulin therapy is well
established, there is no radical treatment for T1D, and patients with T1D remain at high risk of serious
complications, so T1D is still a great threat to adolescents (2). Autoreactive CD8+ T cells play a key role

in the pathogenesis of T1D (3). CD8+ T cells are the �rst effector cells to in�ltrate the islets and destroy β
cells (4). Autoreactive CD8+ T cells attack islet β cells by speci�cally recognizing self-peptides presented
by major histocompatibility complex class I (MHC-I) molecules on the cell surface (5). MHC class I
genes were identi�ed as T1D susceptibility genes independent of MHC class II alleles (6). Nonobese
diabetic (NOD) mice with MHC-I, β2-microglobulin or CD8α gene deletion do not develop T1D, and
adoptive transfer of pancreas-in�ltrating CD8+ T cells from NOD mice into nonobese diabetes/severe
combined immunode�ciency (NOD/scid) mice can induce T1D onset(7).

To date, the β cell autoantigen spectrum that drives autoreactive CD8+ T-cell responses in T1D is not
completely elucidated. The collection of peptides presented by MHC-I molecules is called the MHC-I-
associated immunopeptidome (MIP), and its composition is variable but precisely regulated by intrinsic
and extrinsic cellular factors (8). The emerging self-peptides in the MIP induced by certain pathological
factors may contain targets for CD8+ T-cell recognition and response (9). However, thus far, direct
identi�cation of self-peptide ligands derived from the β cell MIP and recognized by autoreactive CD8+ T
cells has been limited in T1D studies.

Endoplasmic reticulum stress (ERS) is a self-protective cellular mechanism that activates the unfolded
protein response (UPR) in response to misfolded or unfolded protein aggregation in the ER lumen (10).
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However, pathological ERS that is overly strong or prolonged can cause cell dysfunction and apoptosis,
which are closely related to the occurrence and development of many diseases, including T1D (11, 12).
Islet β cells are endocrine cells with an abundant ER system that folds, transports and processes newly
synthesized insulin in response to changes in the blood glucose level in real time, which makes islet β
cells extremely sensitive to ERS (13). Many environmental factors, including viral infection (14), chemical
factors (15), reactive oxygen species (16), hyperglycemia (17), and in�ammation (18), can evoke
pathological ERS in β cells. For example, high sugar consumption has been suggested as a potential
environmental risk factor closely related to T1D progression (19). Our recent study demonstrated that
high glucose intake accelerated T1D onset in NOD mice by causing abnormal ERS in islet β cells and
enhancing the visibility of islet β cells to the immune system (20).

There is growing evidence showing an association between pathological ERS and increased visibility of β
cells to the immune system. Recent studies have demonstrated that pathological ERS can produce “neo-
autoantigens” in islet β cells via abnormal modi�cation (21), gene mRNA open reading frame shift (22)
and discontinuous peptide fragment splicing (23). However, the conventional self-peptides that are
naturally processed and presented by MHC-I molecules in β cells in a pathological ERS state, especially
those recognized by autoreactive CD8+ T cells, have been largely ignored. Here, by comparative analysis
of the landscape of the MIP derived from a NOD mouse β cell line under steady-state and ERS-state
conditions, we discovered a novel ERS-associated conventional diabetogenic self-peptide derived from
the ubiquitin thioesterase OTUB2 based on its exclusive representation in the β cell line MIP derived
under ERS.

RESULTS
High-glucose or thapsigargin treatment reshapes the MIP of NIT-1 β cells and generates novel
conventional peptides naturally presented by MHC class I molecules

To investigate whether ERS induction could enhance the visibility of β cells to peripheral CD8+ T cells
from NOD mice, a NOD mouse-derived β cell line, NIT-1, was pretreated with high glucose (HG) or the
classic ERS inducer thapsigargin (TG) and then cocultured with NOD mouse splenocytes lacking CD4+ T
cells for 24 h. IFN-γ ELISPOT analysis showed that NIT-1 cells pretreated with 20 mM HG for 24 h had the
strongest ability to stimulate NOD mouse CD4− splenocytes to secrete IFN-γ (Fig. S1A, 1B), while
treatment with 5 µM TG for 0.5 h also signi�cantly enhanced the immune visibility of NIT-1 cells (Fig.
S1D,1E). These responses were signi�cantly weakened by an anti-H-2Kd antibody (Fig.S1C, 1F),
indicating that NIT-1-stimulated IFN-γ secretion by NOD mouse CD4− splenocytes was primarily MHC
class I molecule dependent. However, HG or TG treatment did not induce signi�cant changes in the level
of MHC class I molecules on the surface of NIT-1 cells (Fig. S1G). Furthermore, quantitative real-time
PCR (qPCR) and western blot results con�rmed that both HG treatment and TG treatment effectively
induced sustained and enhanced ERS in NIT-1 cells (Fig. S1H, 1I). Tauroursodeoxycholic acid (TUDCA), a
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classic ERS inhibitor, signi�cantly weakened the HG- and TG-induced increases in the immune visibility of
NIT-1 cells to NOD mouse splenocytes (Fig. S1J).

Given that CD8+ T cells respond to target cells by scanning the MIP of target cells through T cell
receptors, we then questioned whether the increased visibility of ER-stressed NIT-1 β cells to CD8+ T
cells from NOD mice was due to changes in their MIP induced by HG or TG treatment. To establish a
dataset for the β cell-derived MIP, nonstressed NIT-1 cells (NIT-1-NC) or NIT-1 cells with ERS induced by
HG (NIT-1-HG) or TG (NIT-1-TG) were lysed for immunopuri�cation of peptide-MHC-I complexes. The
MHC-I-bound peptides were then acid-eluted and analyzed by liquid chromatography-tandem mass
spectrometry (LC‒MS/MS) (Fig. 1A). By matching the MS spectra against a custom mouse MHC-I
targeted peptide database we previously established with no cleavage at a false discovery rate (FDR) of
5% (24), we ultimately obtained a total of 214, 219 and 314 unique conventional H-2Kd–restricted
peptides probably from 198, 203 and 292 source proteins in the MIP of the NIT-1-NC, NIT-1-HG and NIT-1-
TG groups, respectively (Fig. 1B and Supplementary Table 1). The identi�ed peptides were mainly 9
amino acids in length (Fig. 1C); most (> 80%) were predicted to be strong H-2Kd binders (SB) with a rank 
< 0.5% (NetMHC) (Fig. 1D) and showed a typical H-2Kd-binding motif with tyrosine and leucine or
isoleucine as the main anchor residues on P2 and P9, respectively (Fig. 1E). These data indicated that
the NIT-1 cell-derived H-2Kd-restricted MIP datasets were highly reliable. Unfortunately, we identi�ed only
a much smaller number of H-2Db-restricted peptides in the NIT-1 cell-derived MIP (Fig. S2A), possibly
because the expression level of Db was much lower than that of Kd in NIT-1 cells (Fig. S1G). This was
consistent with the Kd and Db expression patterns in NOD mouse pancreas tissues; in contrast, there is
almost no biased expression of H-2Kd and Db molecules on the surface of BALB/c mouse thymus cells
(24). The majority of the H-2Db-restricted peptides were 9 amino acids in length (Fig. S2B), but most of
them (> 60%) were predicted to be weak binders (WB) (Fig. S2C). The SB peptides also showed a typical
H-2Db-binding motif with asparagine and phenylalanine or glutamic acid as the main anchor residues on
P5 and P9, respectively (Fig. S2D). Therefore, we mainly focused on the H-2Kd-restricted peptides in
subsequent studies.

By overlapping the H-2Kd-restricted MIP landscapes of NIT-1-NC, NIT-1-HG and NIT-1-TG cells at the
source protein level, we found that HG and TG treatments changed the composition of the NIT-1 cell-
derived MIP to varying degrees (Fig. 1F). Notably, at the source protein level, a panel of H-2Kd-restricted
self-peptides was exclusively present in the MIP of ER-stressed NIT-1 β cells treated with either HG or TG
but not in that of nonstressed NIT-1 β cells (Fig. 1G and Supplementary Table 2). Together, these results
suggest that ERS induction signi�cantly increases the visibility of NIT-1 β cells to peripheral CD8+ T cells
from NOD mice and simultaneously generates a novel panel of conventional self-peptides naturally
presented by MHC class I molecules on NIT-1 β cells.

OTUB258 − 66 is an immunodominant self-peptide in NOD
mice
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We then questioned whether the enhanced immune visibility of ER-stressed NIT-1 cells to CD8+ T cells
was related to the MHC-I peptides that exclusively emerged in ERS-state NIT-1 cells. To test the
immunogenicity of these self-peptides, a recall IFN-γ ELISPOT assay was performed (Fig. 2A). The
dendritic cells (DCs) used in this analysis were generated from NOD mouse bone marrow and showed
good purity and maturity (Fig. S3). Compared with DCs alone, DCs pulsed with the peptide WDR70530 − 

538, SYT12291 − 299 or OTUB258 − 66 stimulated more IFN-γ production in NOD mouse CD4− splenocytes
primed with the corresponding peptide, and these responses were effectively weakened by anti-H-2Kd
antibody treatment (Fig. 2B, 2C), indicating that peptide-induced IFN-γ production was primarily
mediated by H-2Kd-restricted CD8+ T cells. The MS identi�cation accuracy for these three peptides was
basically con�rmed by comparing the secondary tandem MS data for the identi�ed endogenous peptides
with those for the synthetic peptides (Fig. S4). Furthermore, we evaluated the reactivity of splenocytes
from NOD mice at different ages against these three self-peptides and IGRP206 − 214, a reported H-2Kd-

restricted immunodominant epitope. We found that 87.5% of the NOD mice responded positively to the
peptide OTUB258 − 66 and almost half of the NOD mice responded positively to WDR70530 − 538 and
SYT12291 − 299, but only 25% of the NOD mice showed a positive response to IGRP206 − 214 (Fig. 2D).
Collectively, these results suggest that the OTUB258 − 66 peptide represents a potential immunodominant

self-peptide ligand of autoreactive CD8+ T cells in NOD mice.

OTUB258 − 66-speci�c CD8+ T cells are present and
diabetogenic in NOD mice
To validate the presence of OTUB258 − 66-speci�c CD8+ T cells in NOD mice, H-2Kd-peptide dextramer

staining was performed, and the gating strategy is shown in Fig. S5A. The frequency of CD8+ T cells
recognizing OTUB258 − 66 was similar to or even higher than that of CD8+ T cells recognizing IGRP206 − 214

peptides in the spleen, pancreas and pancreatic draining lymph nodes (pLNs) of NOD mice (Fig. 3A).
However, the frequencies of IGRP206 − 214 and OTUB258 − 66 Dextramer+ CD8+ T cells were extremely low
in the spleen of ICR mice, a nondiabetic control for NOD mice (Fig. S5B). The cytotoxicity marker CD107
was weakly expressed on splenic CD8+Dextramer+ T cells of ICR mice (Fig. S5C) but highly expressed on

those of NOD mice (Fig.S5D). In NOD mice, the majority of splenic CD8+Dextramer+ T cells showed the
CD62L+ CD44+ phenotype of central memory T cells, with the next biggest population being CD62L+

CD44− naïve-like cells, while pancreas-in�ltrating CD8+Dextramer+ T cells mainly showed the CD62L−

CD44+ phenotype of effector or effector memory T cells. Furthermore, the phenotype of CD8+Dextramer+

T cells in the pancreatic draining lymph nodes (pLN) was in between these results (Fig. S5E), indicating
that the majority of CD8+Dextramer+ T cells were antigen-experienced in NOD mice. As expected, the
OTUB258 − 66 peptide was capable of triggering the proliferation of endogenous splenic CD8+ T cells in

NOD mice (Fig. 3B, 3C). Compared with unloaded splenocytes (target control), OTUB258 − 66-loaded

splenocytes (target cells) were more e�ciently killed by splenic CD8+ T cells (effector cells) freshly
puri�ed from NOD mice (Fig. 3D, 3E).
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We then wanted to explore whether OTUB258 − 66-speci�c CD8+ T cells are diabetogenic in vivo. NOD

mice were subcutaneously immunized with OTUB258 − 66 mixed with the adjuvant polyinosine cytidine
acid (poly IC), a Toll-like receptor 3 (TLR-3) agonist (OTUB258 − 66 group) or with poly IC alone (control
group). Then, 7 days later, splenocytes were isolated from the immunized NOD mice, restimulated with
the OTUB258 − 66 peptide or PBS, and then adoptively transferred into NOD/scid recipient mice (Fig. 4A).
Analysis of the insulitis score and incidence of diabetes showed that the NOD/scid mice transferred with
OTUB258 − 66-activated splenocytes developed severe insulitis and diabetes, while the NOD/scid mice
receiving control splenocytes exhibited no obvious insulitis and were diabetes-free (Fig. 4B-D). Confocal
microscopy results of immuno�uorescence staining for CD8 and insulin revealed obvious in�ltration of
CD8+ T cells in the local islets in the NOD/scid mice receiving OTUB258 − 66-activated splenocytes, while

the control recipients had almost no CD8+ T-cell in�ltration in the islets (Fig. 4E). Collectively, these
results show that endogenous CD8+ T cells in NOD mice can recognize and respond to the H2-Kd-
naturally presented OTUB258 − 66 self-peptide of islet β cells, ultimately exerting a diabetogenic effect.

High glucose intake ampli�es OTUB2 58 − 66 -speci�c CD8 + T-cell responses in NOD mice.

Given our previous �ndings that high glucose intake accelerates T1D in NOD mice (25), and the results
showing that the peptide OTUB258 − 66 could be a novel ERS-associated islet β cell self-peptide induced

by high glucose, we wondered whether high glucose intake ampli�ed the OTUB258 − 66-speci�c CD8+ T-

cell response in NOD mice. To this end, NOD mice were fed high-glucose water (20% glucose, HG) or
normal water (NC) from 4 weeks of age and sacri�ced at 6 or 12 weeks of age. Then, pancreas-
in�ltrating lymphocytes and splenocytes were isolated from the NOD mice for dextramer and
intracellular cytokine staining. The results showed that the absolute number of pancreas-in�ltrating
lymphocytes in NOD mice in the HG group was signi�cantly higher than that in NOD mice in the NC group
at both 6 and 12 weeks of age (Fig. 5A) and that the frequency of CD8+ OTUB258 − 66−dextramer+ T cells
in the pancreas of NOD mice in the HG group showed an increasing trend (Fig. 5B,5C). Intracellular
cytokine staining showed that the secretion of IFN-γ and TNF-α by splenocytes from NOD mice in the HG
group was signi�cantly higher than that by splenocytes from NOD mice in the NC group at both 6 and 12
weeks of age upon either PMA or OTUB258 − 66 stimulation (Fig. 5D-F). Together, these results indicate

that high glucose intake ampli�es the response of OTUB258 − 66-autoreactive T cells in NOD mice. Then,

we questioned whether the ampli�ed OTUB258 − 66-speci�c CD8+ T-cell responses in NOD mice given
high-glucose water were due to increased expression of OTUB2 in β cells. Interestingly, we found that
OTUB2 expression was increased in the pancreatic islets of NOD mice (Fig. 5G). As expected, the protein
level of OTUB2 in the pancreas of NOD mice in the HG group was signi�cantly higher than that in the NC
group (Fig. 5H, 5I). Consistently, both HG and TG treatments increased the protein expression of OTUB2,
although to different degrees, in NIT-1 β cells (Fig. 5J, 5K). However, the upregulation of OTUB2 induced
by HG or TG was almost completely eliminated by TUDCA (Fig. 5L). Therefore, we speculate that high
glucose intake may aggravate pathological ERS, upregulate OTUB2 expression and promote MHC-I
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presentation of OTUB258 − 66 peptides in islet β cells, thereby amplifying OTUB258 − 66-autoreactive CD8+

T-cell responses and ultimately promoting the progression of T1D.

Repeated administration of the OTUB258 − 66 peptide
prevents T1D onset in NOD mice
Given that induction of autoreactive T-cell tolerance by administration of autoantigens or peptides may
prevent autoimmune disease, we questioned whether repeated administration of the peptide OTUB258 − 

66 could affect T1D onset in NOD mice. For this purpose, 6-week-old NOD mice were subcutaneously

injected with the OTUB258 − 66 peptide mixed with poly IC (OTUB258 − 66) or with poly IC alone (Control)
once a week for a total of three injections, and then the blood glucose level was measured weekly to
monitor T1D onset (Fig. 6A). As expected, repeated administration of the OTUB258 − 66 peptide
signi�cantly reduced the incidence of T1D in NOD mice (Fig. 6B). Notably, when compared with that in
control NOD mice injected with poly IC alone, the absolute number of pancreas-in�ltrating lymphocytes
in OTUB258 − 66-vaccinated NOD mice was increased signi�cantly after 2 injections but signi�cantly

decreased after 3 injections (Fig. 6C). Additionally, the frequency of OTUB258 − 66 dextramer+ CD8+ T cells

in pancreas-in�ltrating lymphocytes in OTUB258 − 66-vaccinated NOD mice remained unchanged or even
was increased slightly after 2 injections but was decreased after 3 injections when compared with that in
control NOD mice (Fig. 6D, 6E). Consistently, three injections of OTUB258 − 66 reduced the production of
IFN-γ and TNF-α by NOD mouse splenocytes upon PMA or OTUB258 − 66 stimulation (Fig. 6F, 6G).

We further speculated that repeated vaccination with the OTUB258 − 66 peptide might induce apoptosis or
exhaustion in OTUB258 − 66-speci�c T cells and other diabetogenic T cells, thereby resulting in protection

against T1D. As expected, the levels of Annexin V, FAS and PD-1 on the surface of OTUB258 − 66

Dextramer+ CD8+ T cells in pancreas-in�ltrating lymphocytes in OTUB258 − 66-vaccinated NOD mice were
much higher than those in control mice after 3 injections (Fig. S6A). In addition, the surface expression
levels of Annexin V and FAS on CD3+ CD8− T cells (mainly CD4+ T cells) and CD3+ CD8+ T cells in the
pancreas of NOD mice after 3 injections of the OTUB258 − 66 peptide were also increased signi�cantly,

while PD-1 expression was unchanged in CD3+ CD8− T cells but signi�cantly increased in CD3+ CD8+ T
cells in the pancreas of OTUB258 − 66-vaccinated NOD mice compared with the corresponding cell
populations in poly IC-treated control mice (Fig. S6B,6C). Collectively, these results indicate that repeated
administration of the OTUB258 − 66 peptide prevents the development of T1D in NOD mice, possibly not

only by hampering the response of OTUB258 − 66-speci�c CD8+ T cells but also by inducing apoptosis or
failure of other pathogenic T cells through unknown bystander effects.

Discussion
In this study, by comparative analysis of the landscape of the naturally presented MIP of NIT-1 β cells
under steady- and ERS-state conditions, we identi�ed the previously undescribed ERS-associated β cell
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self-peptide OTUB258 − 66, which was exclusively present in the MIP of ER-stressed NIT-1 β cells but not

that of nonstressed cells. OTUB258 − 66-speci�c CD8+ T cells were present and diabetogenic in NOD mice.

High glucose intake ampli�ed OTUB258 − 66-speci�c CD8+ T-cell responses in NOD mice. Notably,
repeated vaccination with the OTUB258 − 66 peptide prevented T1D onset in NOD mice.

Recent evidence suggests that ERS in β cells may drive the generation of neoepitopes, which are likely
not available for negative selection in the thymus. However, the conventional MHC-I peptides of β cells,
which are newly induced by ERS and recognized by autoreactive CD8+ T cells, have received less
attention. Gonzalez-Duque et al. identi�ed a catalog of HLA-I peptides, including conventional peptides,
mRNA splicing products and fusion peptides presented by human β cells cultured with or without
in�ammatory cytokines. However, they did not focus on emerging β cell antigenic peptides induced by
in�ammatory cytokines (26). Here, we used HG and TG treatments to induce ERS in NIT-1 β cells and
focused on exploring conventional MHC-I peptides induced by ERS in β cells and their diabetogenic
effects. The NIT-1 β cell line is suggested to be a useful tool for understanding changes in primary islet β
cells during T1D pathogenesis (27–29). Previous studies have demonstrated that HG or TG treatment
can induce ERS in NIT-1 β cells, thereby enhancing the immunostimulatory potential of NIT-1 β cells for
whole NOD splenocytes or diabetogenic CD4+ T-cell clones (25, 30). Here, we demonstrate that both HG
treatment and TG treatment signi�cantly enhanced the visibility of NIT-1 β cells to splenic CD8+ T cells
from NOD mice, which appears to be achieved not by enhanced surface MHC-I expression but by
changes in the composition of the MIP induced by ERS. In support of this, a small number of
conventional peptides, which were exclusively present in the MIP of ER-stressed NIT-1 β cells, exhibited
obvious immunogenicity to NOD mouse CD8+ T cells. Among these peptides, OTUB258 − 66 was predicted

to be a weak binder for H-2Kd but showed a strong ability to stimulate an immune response in almost all
NOD mice between 5 and 13 weeks of age, which spanned both the prodrome and early stages of T1D
(31). Inspiringly, NOD mouse splenocytes responded more frequently to OTUB258 − 66 than to IGRP206–214,

a major known β cell target of diabetogenic CD8+ T cells in NOD mice. These data, together with
dextramer staining and cell proliferation, killing and adoptive transfer assay results, suggest that
OTUB258 − 66 is a novel immunodominant self-peptide recognized by autoreactive CD8+ T cells in NOD

mice. We speculate that OTUB258 − 66-autoreactive CD8+ T cells may not undergo negative selection in
NOD mice because the OTUB258 − 66 peptide was not identi�ed in our previously established dataset of

the immunopeptidome derived from the NOD mouse thymus (24). Dudek et al. sequenced the
immunopeptidome of NIT-1 β cells under basal and in�ammatory conditions (32). However, neither
Dudek et al. nor our group identi�ed any of the immunodominant diabetogenic CD8+ T-cell epitopes
previously reported in NOD mice, possibly due to the low abundance of these naturally MHC-I-presented
peptides not meeting the LC/MS/MS detection sensitivity. Using a targeted MS–based approach for
multiple-reaction monitoring, IGRP206 − 214 remains undetectable on NIT-1 cells under basal conditions (1
copy/cell) but can be detected on IFN-γ-treated NIT-1 cells (25 copies/cell), which to some extent re�ects
the increased MHC-I presentation induced by IFN-γ (32). INSB15 − 23, another important H2-Kd-restricted
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β cell self-peptide recognized by diabetogenic CD8+ T cells in NOD mice (33), was also not found in
Dudek's study or our MIP datasets due to its poor binding with H2-Kd (NetMHC rank > 2%). Therefore, we
presume that compared with IGRP206 − 214 and INSB15 − 23, OTUB258 − 66 can be naturally presented in high

abundance by H-2Kd in ER-stressed β cells, making it more immunodominant and more easily
recognized by autoreactive CD8+ T cells in NOD mice.

The source protein OTUB2 is a kind of ubiquitin hydrolase whose main function is to remove the
ubiquitination label on proteins to prevent protein degradation (34). Studies have shown that OTUB2
plays crucial roles in cancer and other human diseases. In many cases, OTUB2 acts as a tumor promoter
in different types of human cancer (35, 36). However, it may also act as a tumor suppressor in some
special cases (37). Although OTUB2 is a ubiquitously expressed protein that is preferentially expressed
in the testis and brain, our immunohistochemical results indicate that OTUB2 is relatively highly
expressed in pancreatic islets. The role of OTUB2 in islets remains largely unknown. Beck A. et al.
reported that OTUB2 is a novel promoter of β cell survival through the inhibition of NF-κB signaling (38).
We found that OTUB2 expression in β cells could be upregulated by HG or TG treatment and that this
upregulation of OTUB2 could be almost eliminated by ERS inhibition, suggesting that ERS may be related
to the upregulation of OTUB2, thus leading to the processing and presentation of OTUB258 − 66 in β cells.
Consistent with our results, in the datasets reported by Dudek et al., OTUB258 − 66 was detected only in
the immunopeptidome of IFN-γ-treated NIT-1 cells, not in that of untreated NIT-1 cells (32), highlighting
that various environmental factors that induce ERS may promote MHC-I presentation of the OTUB258 − 66

peptide in β cells. A previous study demonstrated that ERS is critical for the generation of a prevalent
preproinsulin signal peptide-derived autoantigenic peptide by modulating ERAP1 expression (39).
However, the underlying mechanism of ERS in the processing and presentation of the OTUB258 − 66

peptide remains unknown.

Finally, we evaluated the potential use of the OTUB258 − 66 peptide for T1D prevention in NOD mice.
Antigen-speci�c immune tolerance in T1D can be achieved by inducing antigen-speci�c regulatory cell
populations, depleting diabetogenic T-cell clones, or inducing autoreactive T-cell anergy (40). Repeated
antigen stimulation can effectively induce death in activated T cells, which is a favored goal for inducing
immune tolerance because it achieves actual elimination of pathogenic T cells (41). Therefore, to
effectively delete OTUB258 − 66-reactive CD8+ T cells, we treated NOD mice with repeated subcutaneous
injections of the OTUB258 − 66 peptide combined with poly IC, which is characterized to favor the

activation and expansion of CD8+ T cells (42). As expected, multiple immunizations with the OTUB258 − 66

peptide plus poly IC induced signi�cant T1D protection in NOD mice. Surprisingly, this protective effect
was accompanied not only by weakening of OTUB258 − 66-reactive CD8+ T cells but also by an overall

decline in pancreas-in�ltrating T cells, manifested by a decreased in�ltrating cell number and reduced
proin�ammatory cytokine production, as well as increased FAS, Annexin V, and PD-1 expression. We
previously reported that repeated treatment with an altered peptide ligand of an HLA-A*0201-restricted
insulin epitope could induce extensive suppressive bystander effects by inducing CD8+ Tregs in
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humanized NOD mice (43). Thus, we hypothesized that OTUB258 − 66 peptide immunization may exert
extensive inhibitory bystander effects through a similar mechanism, which needs further study.

In summary, our �ndings suggest that environmental factors, such as a high-sugar diet, can trigger ERS
in β cells, which induces β cells to process and present certain autoantigenic peptides, such as OTUB258 

− 66, thereby increasing the visibility of β cells to the immune system and accelerating the progression of

T1D in NOD mice. This study provided not only a new explanation for the role of ERS in promoting β cell-
targeted autoimmunity but also a potential target for the prevention and treatment of T1D.

Limitations of the study
A limitation of this study is that we ignored potential ERS-induced unconventional peptides, as their
accurate identi�cation remains a great challenge. There are some differences between the NIT-1 β cell
line and primary NOD islet β cells. Although the presence of OTUB258 − 66-speci�c CD8+ T cells in NOD

mice has been con�rmed, whether the OTUB258 − 66 peptide can be naturally presented by MHC-I
molecules on the surface of primary β cells under ERS remains to be con�rmed. Most autoantigens
identi�ed in NOD mice have also been shown to be targets of T-cell-mediated autoimmunity in human
T1D, but whether OTUB2 is a human T1D autoantigen requires further investigation.

METHODS

Antibodies and reagents
The antibodies against the following proteins/epitopes were purchased from the indicated sources:
Mouse CD4, Biotin (eBioscience, cat.no.13-0041-85), Mouse H-2 (Bioxcell, cat.no. BE0077), Mouse H-2Kd
(Bioxcell, cat.no.BE0104), Mouse TXNIP (Cell signaling, cat.no.14715), Mouse ATF6 (Cell Signaling, cat.
no.65880s), Mouse XBP-1( Abcam, cat. no.ab220783), Mouse XBP-1s (Cell Signaling, cat. no. 40435),
Mouse eIF2a (Cell signaling, cat. no. 2103), Mouse eIF2a-P (Cell signaling, cat.no. 9721); Mouse IRE1
(Thermo �sher, cat.no.PA1-16928), Mouse IRE1-P (Thermo �sher, cat.no.PA1-16927), Mouse α-tubulin
(Beyotime, cat.no.AF0001), Mouse TNF-α-APC (BioLegend, cat.no. 506308), Mouse IFN gamma-PE
(BioLegend, cat.no.505808), Mouse CD3-APC-Cy7 (BioLegend, cat.no.100222), Mouse CD44-PerCP-
Cy5.5 (BioLegend, cat.no.103032), Mouse CD62L-PE-Cy7 (BD, cat.no.560516), Mouse CD8-PE-Cy7
(BioLegend, cat. no.126616), Mouse CD3-Percy-Cy5.5 (BioLegend, cat.no.100218), Mouse H-2Kd-APC
(Invitrogen, cat.no.116620), Mouse CD4-FITC (BioLegend, cat.no.100406), Mouse CD3-BV421
(BioLegend, cat.no. 100228), Mouse CD11c-FITC (BioLegend, cat.no.117306), Mouse I-A/I-E-PE
(BioLegend, cat.no.107608), Mouse CD80-PerCP-Cy5.5 (BioLegend, cat.no.104722), Mouse CD8a-BV510
(BioLegend, cat.no.126631), Mouse OTUB2 (Assay Genie, cat.no. PACO 01270), Mouse Insulin (Abcam,
cat.no. ab7842), Mouse CD8(Abcam, cat.no. ab217344), Guinea Pig IgG H&L-Alexa Fluor® 647 (Abcam,
cat.no. ab150187), Rabbit IgG(H + L)-Cy3 (Beyotime, cat.no. A0516), Mouse CD95 (Fas)-FITC (BioLegend,
cat.no. 152605), Mouse PD-1-BV421 (BioLegend, cat.no. 135217).
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The following reagents were purchased from the indicated companies: ELISPOT speci�c serum-free
medium (DAKEWE, cat.no.6015012), BeaverBeads™ Streptavidin (BEAVER, cat.no. 22307-10), RPMI 1640
Medium, GlutaMAX™ (Gibco, cat.no.61870-036), MEM Nonessential Amino Acids (Corning, cat.no.25-
025-CI), Sodium pyruvate (Gibco, cat.no.11360-070), L-Glu (Gibco, cat.no.25030-081), Recombinant
Murine GM-CSF (Peprotech, cat.no.315-03), Recombinant Murine IL-4 (Peprotech, cat.no.214 − 14),
Murine IL-2 (Poprotech, cat.no. 212 − 12), Lipopolysaccharide (Sigma, cat.no. L4391), PrimeScrep RT
reagent kit (TAKARA, cat.no. RR037A), TB Green Premix EX TaqTM II (TAKARA, cat.no. RR820A), NuPAGE
4%-12% Bis-Tris Gel (Invitrogen, cat.no.NP033BOX), Pre-stained Color Protein Ladder (Beyotime, cat.no.
P0079), NuPAGE™ MOPS SDS Running Buffer (Thermo �sher, cat.no. NP0001), HiTrap NHS-activated HP
(GE health, cat.no.17-0716-01), Ham's F-12K (Kaighn's) Medium (Gibco, cat.no.21127022), TG (Abcam,
cat.no. ab120286), Glucose (Sigma, cat.no. G8270), Dextramer-PE (Immudex), Glucose (Rhawn, cat.no.
R049603), Collagenase IV (Sigma, cat.no.C5138), DNase I (Roche, cat.no.11284932001), Mouse
lymphocyte isolation solution (DAKEWE, cat.no. 7211011), PMA (Abcam, cat.no. ab120297), Ionomycin
(Sigma, cat.no. I9657), GolgiStop (BD, cat.no. 554724), Poly IC (InvivoGen, cat.no. vac-pic), Sanuo blood
glucose test paper (Cell biological, cat.no. CELLXTSZ-600), APC Annexin V (Biolegend, cat.no. 640920),
Annexin V Binding Buffer (Biolegend, cat.no. 422201), Mouse IFN-γ ELISPOT kit (Dakewei, cat.no.
2210006), Mouse CD8+ T cell enrichment kit (StemCell Technologies, cat.no.19853), Intracellular Fix &
Perm Buffer set (eBiosciences, cat.no. 88-8824), Count Bright Plus Absolute Counting Beads (Scienti�c
Thermo Fisher, cat.no. C36995), BCA Protein Assay Kit (Beyotime, cat.no. P0012), CFSE Cell Proliferation
Kit (Invitrogen, cat.no. C34554).

Primers
The following primers were synthesized by Sangon Biotech (Shanghai, China): GAPDH (Forward:
CGTCCCGTAGACAAAATGGT; Reverse: GAATTTGCCGTGAGTGGAGT), XBP-1s (Forward:
CTGAGTCCGAATCAGGTGCAG; Reverse: GTCCATGGGAAGATGTT CTGG), CHOP (Forward:
CTGGAAGCCTGGTATGAGGAT; Reverse: CAGGGTCAAGAG TAGTGAAGGT), TXNIP (Forward:
GGCCGGACGGGTAATAGTG; Reverse: AGCGCAA GTAGTCCAAAGTCT), ATF6 (Forward:
TCGCCTTTTAGTCCGGTTCTT; Reverse: GGCT CCATAGGTCTGACTCC), eIF2α (Forward:
CACCGCTGTTGACAGTCAGAG; Reverse: GCAAACAATGTCCCATCCTTACT), Otub2 (Forward:
AACTCAGCAAAAGATTCACCTC G; Reverse TCATTTGGGGTCTGTAGCACA).

NIT-1 Cell Culture
The pancreatic β-cell line NIT-1 was maintained in F-12K (Gibco, US) complete medium containing 10%
fetal bovine serum (FBS) under 5% CO2 at 37°C. For HG and TG pretreatments, cells were cultured with
10 mM, 20 mM or 30 mM HG for 24 h or 48 h or cultured with 1 µM, 5 µM or 10 µM TG for 0.5 h or 1 h
and then washed extensively with PBS. Then, 1×104 cells were collected for mouse IFN-γ ELISPOT
assays.

IFN-γ ELISPOT Assays
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CD4− T cells were isolated from freshly prepared single-cell suspensions of NOD mouse splenocytes by
using BeaverBeads™ Meg streptavidin (Beaver Biosciences Inc., Guangzhou, China) and a biotinylated
anti-CD4 antibody (clone: GK1.5 Invitrogen). A total of 1×105 remaining CD4− splenocytes and 1×104 NIT-
1 cells treated with or without different concentrations of glucose or TG for different times were cultured
in 96-well ELISPOT plates precoated with a speci�c capture antibody against IFN-γ (Dakewei Biotech,
Shenzhen, China) at 37°C and 5% CO2 for 20 h. To block the H-2Kd-restricted recognition of CD8+ T cells,
NIT-1 cells treated with 20 mM glucose for 24 h or 5 µM TG for 0.5 h were preincubated with an anti-H-
2Kd antibody (SF1.1.10, 50 µg/ml) for 2 h and then cocultured with CD4− splenocytes. After the
incubation, the cells were removed, and the plates were processed according to the ELISPOT kit
manufacturer’s instructions. Spots were counted using a spot reader system (Saizhi, Beijing, China).

Western Blot and Quantitative Reverse Transcription (qRT)-
PCR Analyses
NIT-1 cells were treated with or without 20 mM glucose for 24 h or 5 µM TG for 0.5 h, and then cell
samples were collected at 0 h, 6 h, 12 h and 24 h after withdrawal of HG or TG treatment. For the western
blot assay, cell samples were lysed with RIPA lysis buffer (Beyotime) containing 1 mM PMSF (Beyotime).
The proteins in the lysates were separated by SDS-PAGE and immunoblotted with the following primary
antibodies: mouse anti-eIF2a (2103, Cell Signaling), rabbit anti-eIF2a-P (9721, Cell Signaling), rabbit anti-
XBP-1 (ab220783, Abcam), rabbit anti-XBP-1s (40435, Cell Signaling), rabbit anti-ATF6 (65880s, Cell
Signaling), rabbit anti-TXNIP (D5F3E) (14715, Cell Signaling), rabbit anti-IRE1 (PA1-16928, Thermo
Fisher), rabbit anti-IRE1-P (PA1-16927, Thermo Fisher) and rabbit anti-α-tubulin (AF0001, Beyotime). After
an incubation with peroxidase-coupled secondary antibodies for 60 min, the immunocomplexes were
visualized using a chemiluminescence reagent (Amersham, Freiburg, Germany), and the autoradiographs
were scanned by an imaging densitometer. For qRT-PCR, total RNA was isolated from cell samples using
TRIzol reagent (Invitrogen,US). Total RNA (500 ng) was reverse transcribed into cDNA using the
PrimeScript® RT Reagent Kit (TaKaRa, Japan). Real-time quantitative PCR was performed using TB
Green™ Premix Ex Taq™ II (Tli RNaseH Plus) (Takara, Japan) to detect the relative expression of TXNIP,
CHOP, XBP-1s, ATF6 and eIF2a. Each sample run was performed in triplicate, and relative mRNA
expression levels were determined using the 2(-Delta Ct) method with Gapdh as the internal reference
control.

Isolation of the MIP of NIT-1 cells
A total of 5×108 untreated NIT-1 cells (NC group), NIT-1 cells treated with 20 mM glucose for 24 h and
cultured for another 24 h after treatment withdrawal (HG group) or NIT-1 cells treated with 5 µM TG for
0.5 h and cultured for another 12 h after treatment withdrawal (TG group) were harvested and
immediately lysed in 20 ml of ice-cold lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, and 1% CHAPS)
containing a “complete” protease inhibitor (Roche). The cell lysates were clari�ed by centrifugation at
4°C and 17000 rpm for 30 min, which was repeated 3 times, and the clean supernatant was �ltered
through a 0.2-µm needle �lter (Thermo Fisher) and collected. The procedure used for the isolation of the
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MIP was performed according to our previously reported method (24). Brie�y, according to the
manufacturer’s instructions for an HP column, immunoa�nity columns were constructed by using a 1-
mL HiTrap NHS-activated HP column (Code No:17-0716-01, GE Healthcare) coupled with 10 mg anti-H-2
mAb (clone: M1/42.3.9.8, BioXCell). The NIT-1 cell proteolytic solution was repeatedly circulated in the
column overnight at a �ow rate of 0.5 mL/min at 4°C. Then, the column was washed with several buffers
in the following order: 50 mM Tris (pH 8.0), 150 mM NaCl and 1% CHAPS; 50 mM Tris-HCl (pH 8.0) and
150 mM NaCl; 50 mM Tris-HCl (pH 8.0) and 450 mM NaCl; and 50 mM Tris-HCl (pH 8.0). Subsequently,
the MHC I-peptide complexes were eluted with 4 mL of 10% acetic acid. Ultra�ltration �lters (3.0-kDa
cutoff Microcon, Millipore) were prewashed with double-distilled water three times and 10% acetic acid
one time to remove contaminants interfering with MS. Then, the mixture of peptides, the class I heavy
chain and β2-microglobulin was separated by ultra�ltration at 8500 × g for 30 min at 4°C. After
ultra�ltration, the peptide mixture was desalinated and concentrated on a Micro-Tip reversed-phase C18
column (Merck)(44).

LC-MS/MS analysis of the MIP of NIT-1 cells
Desalted peptides were dissolved in solvent A (0.1% formic acid, 2% acetonitrile) and directly loaded
onto a reversed-phase analytical column (25-cm length, 100 µm i.d.) made in-house. The peptides were
separated with a gradient from 4–23% solvent B (0.1% formic acid in 90% acetonitrile) over 62 min, 23–
35% over 20 min, climbing to 80% over 4 min and then holding at 80% for the last 4 min, all at a constant
�ow rate of 450 nL/min, on an EASY-nLC 1200 UPLC system (Thermo Fisher Scienti�c).

The separated peptides were analyzed in a Q Exactive™ HF-X (Thermo Fisher Scienti�c) with a
nanoelectrospray ion source. The electrospray voltage applied was 2.2 kV. The full MS scan resolution
was set to 120,000 for a scan range of 400–1500 m/z. Up to 10 of the most abundant precursors were
then selected for further MS/MS analyses with 30-s dynamic exclusion. HCD fragmentation was
performed at a normalized collision energy (NCE) of 28%. The fragments were detected in the Orbitrap at
a resolution of 45,000. The automatic gain control (AGC) target was set at 5E4, with an intensity
threshold of 1E4 and a maximum injection time of 40 ms. Samples were analyzed in three technical
replicates and two biological replicates. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE [1] partner repository with the dataset identi�er
PXD041227.

Mass spectrometry data analysis of the MIP
All tandem mass spectra were queried against a custom MHC class I-targeted database we previously
established (24), using the MaxQuant (version 1.5.2.8), Sequest and Mascot (implemented with
Proteome Discoverer 2.1) search engines with no cleavage restriction. For all searches, the parent mass
error tolerance was set to 10 ppm and the fragment mass error tolerance to 0.02 Da. Oxidation of
methionine was considered a variable modi�cation. The con�dence peptides were �ltered at a 5% false
discovery rate (FDR) at the peptide-spectrum match (PSM) level. According to the literature (45), to
integrate the advantages of multiple search algorithms and identify more possible peptides, the
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MaxQuant, Mascot and Sequest search results in technical triplicates and biological duplicates were
combined to establish the datasets MIP of the NIT-1 cells.

Determination of MHC class I motifs
The logo program (http://weblogo.berkeley.edu/logo.cgi?tdsourcetag=s_pctim_aiomsg) was used to
visualize the characteristics of peptide-binding motifs. The information content at each position in the
sequence motif was indicated using the height of a column of letters, representing amino acids. The
height of each letter within the columns was proportional to the frequency of the corresponding amino
acid at that position.

Peptide synthesis
Peptides were synthesized at the Chinese Peptide Company (Hangzhou, China) with a purity of over 95%.
The synthetic peptides were identi�ed by LC-MS/MS with the parameter settings used for MIP
identi�cation.

Generation of NOD mouse bone marrow-derived dendritic
cells (BMDCs)
NOD mouse bone marrow-derived dendritic cells (BMDCs) were generated according to a previously
reported protocol (46). Brie�y, NOD mouse bone marrow cells were cultured in the presence of 20 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF) and 10 ng/mL interleukin-4 (IL-4) for 6
days. To induce further maturation, DCs were recultured in the presence of 1 µg/mL lipopolysaccharide
(LPS, Sigma) for an additional 24 h. To evaluate the purity and maturity of cultured DCs, cells cultured for
7 days were harvested and stained with the �xable viability dye eFluor® 780 (eBioscience), BV421-
conjugated anti-mouse CD3, FITC-conjugated anti-mouse CD11C, PE-conjugated anti-mouse MHC II, and
PerCP-Cy5.5-conjugated anti-mouse CD80 for 20 min at 4°C in the dark. After washing, the samples were
detected on a BD FACSCalibur (BD Biosciences, Franklin Lakes, NJ), and the data were analyzed using
FlowJo V10 software.

Immunogenicity evaluation of candidate peptides
Freshly prepared CD4− NOD mouse splenocytes were primed with each candidate peptide (50 µg/mL) in
the presence of 50 U/mL recombinant murine interleukin 2 (rmIL-2, PeproTech, Rocky Hill, NJ, USA). On
Day 7, the peptide-primed CD4− splenocytes (2×105 cells/well) were cocultured with peptide (50 µg/mL)-
pulsed DCs (1×104 cells/well) in 96-well ELISPOT plates precoated with a speci�c capture antibody
against IFN-γ (Dakewei Biotech, Shenzhen, China) at 37°C and 5% CO2 for 20 h. After the incubation, the
cells were removed, and the plates were processed according to the ELISPOT kit manufacturer’s
instructions. Spots were counted using a spot reader system (Saizhi, Beijing, China).

Isolation of pancreas-in�ltrating lymphocytes from NOD
mice
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Pancreas-in�ltrating lymphocytes were isolated according to the protocol of a previous report with some
modi�cations (47). Brie�y, after removing all visible pancreatic lymph nodes, the pancreas was digested
in 3 ml HBSS containing 1 mg/mL collagenase IV (Sigma) and 0.02 mg/mL DNase I with stirring (200
rpm) for 15 min in a 5% CO2 cell incubator at 37°C. The single-cell suspensions were collected after
diluting the enzyme mixture with 3 mL ice-cold HBSS containing 5% FBS and removal of the aggregates
by settling for 2 min on ice. The aggregates were further digested with 3 mL half collagenase IV and
DNase I for 10 min. The single-cell suspensions were washed two times with HBSS containing 5% FBS
and then resuspended in 2 ml RPMI 1640 medium containing 5% FBS. Two milliliters of cell suspension
was laid on the surface of 2 mL mouse lymphocyte separation medium (DAKEWE) slowly and carefully
to form a clear boundary. After 1800 r/min centrifugation for 20 minutes, the lymphocytes were carefully
collected and washed twice with 5 ml PBS containing 5% FBS.

Dextramer staining
Lymphocytes isolated from the spleen, pancreas and pancreas-draining lymph nodes of NOD mice
suspended in PBS containing 5% FBS (2×106 cells/50 µL) were initially stained with PE-conjugated
dextramer (10 µL/test) in the dark at room temperature for 10 min and then stained with Fixable Viability
Dye eFluor® 780 (eBioscience), FITC-conjugated anti-CD3, BV510-conjugated anti-CD8, BV421-
conjugated anti-CD107, PerCP-Cy5.5-conjugated anti-CD44, and PE-Cy7-conjugated anti-CD62L in the
dark at 2–8°C for 20 min. The cells were washed twice with 2 ml PBS/5% FBS and immediately analyzed
on a BD FACSCalibur (BD Biosciences, Franklin Lakes, NJ).

Intracellular cytokine staining of CD8+ T cells
Splenocytes isolated from NOD mice were stimulated with or without peptide (50 µg/mL) or PMA in
complete medium containing 0.65 µl/mL GolgiStop™ (BD Biosciences) for 4 h. Dead cells were excluded
from the analysis by using the �xable viability dye eFluor® 780 (eBioscience). PerCP-Cy5.5-conjugated
anti-CD3 (17A2, BioLegend) and PE-Cy7-conjugated anti-CD8 (53 − 6.7, BioLegend) were used to label
the cells for 30 min on ice. After washing with �ow cytometry buffer (PBS/1% FBS), the cells were �xed
and then labeled with APC-conjugated anti-mouse TNF-α (MP6-XT22, BioLegend) and PE-conjugated
anti-mouse IFN-γ (XMG1.2, BioLegend) at 4°C in permeabilization buffer. Data were acquired for each of
the experiments using a BD FACSCalibur (BD Biosciences, Franklin Lakes, NJ). Data analysis was
performed using FlowJo software.

CFSE-based CD8+ T-cell proliferation assay
CD4− T-cells freshly isolated from NOD mice splenocytes were stained with 0.5 µM carboxy�uorescein
succinimidyl ester (CFSE; Invitrogen). After extensive washing, the CFSE-labeled splenocytes were
cocultured with or without 10 µg/mL peptide in the presence of 50 U/mL rmIL-2 on Day 1. Half of the
medium was replaced every 3 days and supplemented with rmIL-2. On Day 6, the cultured cells were
harvested and stained with the �xable viability dye eFluor® 780 (eBioscience) and PE-Cy7-conjugated
anti-mouse CD8 (YTS156.7.7, BioLegend). Then, the cell samples were washed twice with PBS and
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analyzed on a BD FACSCalibur (BD Biosciences, Franklin Lakes, NJ), and the data were analyzed using
FlowJo V10 software.

CFSE-based cytotoxicity assay
A CFSE-based cytotoxicity assay was performed according to a previously reported protocol (48). Brie�y,
after washing with PBS, NOD mouse splenocytes were resuspended at 2×107 cells/mL and labeled with
10 µM CFSE (Invitrogen), after two washes, the CFSE-labeled splenocytes were incubated with or without
peptide (50 µg/mL) at 37°C and 5% CO2 for 2 h. After another 2 washes, the cell concentration was
adjusted to 1×105 cells/mL, and cells were seeded in 96-well microtiter plates at 100 µL/well as target
cells. CD8+ T cells were enriched from NOD mouse splenocytes using a mouse CD8+ T-cell enrichment
kit (StemCell Technologies), and the cell concentration was adjusted to 1×107 cells/mL. CD8+ T cells
were seeded in the 96-well microtiter plates at 100 µL/well as effector cells, and the effector-target ratio
was 100:1. After an incubation at 37°C in 5% CO2 for 5 h, the cells were stained with the �xable viability
dye eFluor® 780 for 20 min at 4°C in the dark to stain dead cells, washed with PBS and resuspended in
300 µL PBS/test. The cell samples were mixed with 10000 Flow-Count Fluorospheres (Coulter
Corporation, Miami, FL) and analyzed by �ow cytometry. A total of 5000 microbeads were acquired for
each sample, and the absolute number of surviving cells was determined by calculating the ratio
between the number of cells and the number of beads. The percentage of viability cells was calculated
as follows: % survival= [absolute no. viable CFSE+ target cells (t = x)]/[absolute no. viable CFSE+ target
cells (t = 0)]×100.

OTUB258 − 66-speci�c CD8+ T-cell proliferation and adoptive
transfer
Six-week-old NOD mice were randomly divided into two groups and then subcutaneously injected with 30
µg OTUB258− 66 mixed with 30 µg poly IC (OTUB258− 66 group) or 30 µg poly IC alone (control group) in
100 µL PBS, with one injection administered per week for two weeks. Splenocytes isolated from the
immunized NOD mice were stimulated with or without OTUB258− 66 peptides (50 ng/mL) for one week

and maintained in 50 U/mL IL-2 in vitro. After three washes with PBS, the cells were resuspended in 2 ml
PBS and injected into NOD/scid mice via the tail vein at 1×107/200 µL/mouse. The blood glucose level of
NOD/scid mice was measured 4 weeks after the transfusion to detect the onset of T1D. After disease
onset or at the end of the experimental observation period, pancreatic tissue was taken for hematoxylin
and eosin (H&E) staining to detect insulitis. A minimum of 10 islets from each mouse were
microscopically observed by two different observers, and insulitis scoring was performed according to
the following criteria: 0, no in�ltration; 1, peri-insulitis; 2, insulitis with < 50% islet area in�ltrated; and 3,
insulitis with > 50% islet area in�ltrated. Laser confocal microscopy imaging of CD8 and insulin was
performed to detect the in�ltration of CD8+ T cells in pancreatic islets. Brie�y, pancreas para�n sections
were incubated with a guinea pig anti-insulin antibody (Abcam ab7842) and rabbit anti-CD8 alpha
antibody (Abcam ab217344, EPR21769) at 4°C overnight. The samples were then incubated with goat



Page 18/33

anti-guinea pig IgG H&L (Alexa Fluor® 647, ab150187) and Cy3-labeled goat anti-rabbit IgG H&L (Alexa
Fluor® 555, Beyotime A0516) for 1 h, and then the nuclei were stained with DAPI for 0.5 h. The stained
samples were observed using a confocal laser scanning microscope (Zeiss LSM780NLO).

OTUB2 expression in NIT-1 cells and the pancreas of NOD
mice
Total RNA and protein samples were extracted from NIT-1 cells (NIT-1-NC), NIT-1 cells treated with 20
mM HG for 24 h (NIT-1-HG) and NIT-1 cells treated with 5 µM TG for 0.5 h (NIT-1-TG). Relative OTUB2
mRNA levels were determined by real-time qRT-PCR, and each sample run was performed in triplicate
and evaluated using the 2(−△△Ct) method (49) with Gapdh as the internal reference control. For the
western blot assay, total protein samples were separated by SDS-PAGE and transferred to a PVDF
membrane by electroblotting (50). The expression levels of OTUB2 in NIT-1 cells and the NOD mouse
pancreas were determined using enhanced chemiluminescence. Immunohistochemical analysis of
OTUB2 expression in the NOD mouse pancreas was carried out as described (49).

Mouse treatment
Female NOD mice, NOD/scid mice and ICR mice (HFK Bioscience, Beijing, China) were maintained under
a 12-h light/dark cycle in speci�c pathogen-free facilities and allowed free access to sterilized water and
food. All procedures were approved by the Institute Animal Care and Use Committee of Army Medical
University (Chongqing, China).

Four-week-old female NOD mice were randomly divided into two groups given normal water (NC group)
or 20% glucose water (HG group). The mice were sacri�ced at the age of 6 or 12 weeks, and
lymphocytes were isolated from the spleen and pancreas for �ow cytometry analysis.

Six-week-old female NOD mice were randomly divided into two groups and then subcutaneously injected
with 30 µg OTUB258 − 66 plus 30 µg poly IC (OTUB258 − 66 group) or 30 µg poly IC alone (control group)
dissolved in 100 µL PBS once per week for three consecutive weeks. After three injections, blood
glucose levels were measured weekly until disease onset or the end of the experimental observation
period (25 weeks). NOD mice were sacri�ced after 2 or 3 injections, and lymphocytes were isolated from
the spleen and pancreas for �ow cytometry analysis.

Statistical analysis
Prism5 software (GraphPad Software) was used for all statistical analyses. The survival curves of two
groups were compared by the log-rank (Mantel–Cox) test, and unpaired two-group comparisons were
conducted using Student's t test. Data are presented as the mean ± SD. P < 0.05 (*), P < 0.01 (**) and P < 
0.001 (***) were considered statistically signi�cant.

Data availability
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All data that support the �ndings of this study are available within source data and supplementary
information �les. The mass spectrometry proteomics raw data have been deposited to the
ProteomeXchange Consortium via the PRIDE [1] partner repository with the dataset identi�er
PXD041227.
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Figure 1

HG and TG treatment reshapes the NIT-1 cell-derived MIP.  AThe work�ow for NIT-1 cell-derived MIP
identi�cation. B The total numbers of H2-Kd-restrictedpeptides and their potential source proteins in the
MIP derived from NIT-1-NC, NIT-1-HG and NIT-1-TG cells. C The length distributions of MIP derived from
NIT-1-NC, NIT-1-HG and NIT-1-TG cells (8-11 amino acids). D The predicted a�nities of peptides by
netMHC (version 4.0), SB: strong binder (rank<0.5%); WB: weak binder (rank:0.5%-2%). E The binding
motifs of 9-mer peptides identi�ed in the MIP. The x-axis represents the residue position within the 9-mer
peptide sequence. The y-axis represents the information content, with the size of each amino acid
symbol proportional to its frequency. F Overlap of the H-2Kd-restricted MIP between NIT-1-NC and NIT-1-
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HG cells and between NIT-1-NC andNIT-1-TG cells at thesource proteinlevel. G Overlap of the source
proteins for H-2Kd-restricted peptides exclusively present in the MIPof NIT-1-HG and NIT-1-TG cells.

Figure 2

OTUB258-66 is an immunodominant self-peptide in NOD mice.  A The work�ow for the recall IFN-γ
ELISPOT assay.  B Representative ELISPOT images showing IFN-γ production by the indicated peptide-
primed NOD mouse CD4- splenocytes restimulated with DCs plus an isotype control antibody
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(DC+isotype), indicated peptide-pulsed DCs plus the isotype control antibody (DC+P+isotype) or
indicated peptide-pulsed DCs plus an anti-H-2Kd antibody (DC+P+anti-H-2Kd).  C Summary data for the
assay in (B) showing the mean IFN-γ spot number per 2×105 CD4- splenocytes ± SD in duplicate cultures
of one representative experiment. *p < 0.05, **p < 0.01 by Student’s t test.  D The reactivity of CD4-

splenocytes from NOD mice harvested at different weeks of age against the indicated peptides, as
determined by the recall IFN-γ ELISPOT assay. Readouts are expressed as the mean spot
numbers/2×105 CD4- splenocytes in duplicate cultures. The average readout from CD4- splenocytes
restimulated with DCs alone was set as the basal response. A positive response against the indicated
peptide was de�ned as readouts above basal + 3SD (underlined); ND indicates no data.
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Figure 3

Characterization of OTUB258-66-speci�c CD8+ T cells in NOD mice.  A Representative FACS plots of

CD8+Dextramer+ T cells in the spleen, pancreas and pLN of NOD mice.  B Representative FACS

histograms showing CFSE dilution in NOD mouse splenic CD8+ T cells stimulated with or without
OTUB258-66.  C Summary data for the assay in (B) are presented as the mean proliferation rate ±SD in
triplicate for one representative result of three independent experiments.  D Representative FACS plots of
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peptide-loaded or unloaded NOD mouse splenocytes labeled with CFSE and incubated for 4 hours in the
presence (target + effector) or absence (target control) of NOD mouse CD8+ T cells (E/T ratio, 100:1).
Population 1 contained �uorescent microspheres that could be discriminated on the basis of their
scattering pattern and �uorescence. Population 2 contained CFSE-negative cells (effector T cells).
Population 3 contained CFSE-positive cells (target cells). E Summary data for the assay in (D) are
presented as the mean killing rate ± SD in triplicate for one representative result of three independent
experiments. **P<0.01, ***p < 0.001 by Student’s t test.
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Figure 4

OTUB258-66 peptide-speci�c CD8+ T cells are diabetogenic in NOD/scid mice.  A The work�ow for the

adoptive transfer experiment.  B Representative images of HE staining of the pancreas of NOD/scid mice
receiving OTUB258-66-activated or control splenocytes (magni�cation, 200×).  C Insulitis scores of
NOD/scid recipient mice receiving OTUB258-66-activated or control splenocytes.  D T1D incidence curve
of NOD/scid mice adoptively transferred with OTUB258-66-activated or control splenocytes. Signi�cance
was determined by the log-rank (Mantel–Cox) test, *P<0.05.  E Representative laser confocal
�uorescence microscopy images of NOD/scid mouse pancreatic sections stained for insulin (red) and
CD8 (green). Cells were counterstained with the nuclear dye DAPI (blue).
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Figure 5

Sustained high glucose intake increases the peptide-speci�c CD8+ T-cell response against OTUB258-66 in

NOD mice.  A Summary data showing the absolute cell number of pancreas-in�ltrating lymphocytes in 6-
and 12-week-old NOD mice fed high-glucose water (HG) or normal water (NC) (n=5 per group).  B
Representative FACS plots of CD8+ Dextramer+ T cells in the pancreas of 6-week-old NOD mice fed high-
glucose water (HG) or normal water (NC).  C  Summary data for the assay in (B) are representative of
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two independent experiments and presented as the mean ± SD (n=4 per group).  D Representative FACS
plots showing the production of IFN-γ and TNF-α by NOD mouse-derived splenic CD8+ T cells stimulated
with PMA.  E  Summary data for the assay in (D) are representative of two independent experiments and
presented as the mean ± SD (n=4 per group).  F Summary data showing the frequencies of IFN-γ- and
TNF-α-producing cells in 6- and 12-week-old NOD mouse splenocytes stimulated or not with the
indicated peptide. Data are expressed as the mean ± SD, n=4. G Representative image of
immunohistochemical analysis of OTUB2 expression in pancreatic sections from NOD mice. H-I Western
blot analysis of OTUB2 expression in the pancreas of NOD mice given normal water (NC-NOD) or high-
glucose water (HG-NOD). J-K Western blot analysis of the protein level of OTUB2 in untreated NIT-1 cells
(NIT-1-NC) and NIT-1 cells treated with HG (NIT-1-TG) or TG (NIT-1-TG). L Quantitative PCR analysis of
OTUB2 relative mRNA expression in untreated NIT-1 cells (control), NIT-1 cells treated with HG or TG, and
NIT-1 cells treated in the presence of TUDCA. Data are representative of three independent experiments
and expressed as the mean ± SD (n=3). *P<0.05, **P<0.01, ***p < 0.001, ****p < 0.0001, determined by
Student’s t test.
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Figure 6

Repeated vaccination with the OTUB258-66 peptide prevents T1D onset in NOD mice.  A The work�ow for
the peptide vaccination experiment. B Incidence of diabetes in female NOD mice injected with the
OTUB258-66 peptide plus poly IC (red line, n = 14) or with poly IC alone (black line, n = 14). *p <0.05
compared by the log-rank (Mantel–Cox) test. C Summary data showing the absolute cell number of
pancreas-in�ltrating lymphocytes in NOD mice after 2 or 3 injections of the OTUB258-66 peptide mixed
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with poly IC (OTUB258-66) or poly IC alone (Control). Data are representative of two independent
experiments and presented as the mean ±SD (n=4 per group). D Representative FACS plots for
CD8+Dextramer+ T cells in the pancreas of NOD mice after 2 or 3 injections of the OTUB258-66 peptide

plus poly IC (OTUB258-66) or poly IC alone (Control).  E Summary data for the assay in (D) showing the

frequency of CD8+ Dextramer+ T cells in the pancreas of NOD mice after 2 or 3 injections. Data are
representative of two independent experiments and presented as the mean ± SD (n=4 per group). F
Representative FACS plots depicting PMA- and OTUB258-66-stimulated IFN-γ- and TNF-α-production by

splenic CD8+ T cells from NOD mice after 2 or 3 injections of the OTUB258-66 peptide plus poly IC

(OTUB258-66) or poly IC alone (Control). G Statistics summary graph for the FACS analysis shown in (F).
Data are representative of two independent experiments and presented as the mean ±SD (n=4 per
group). *p <0.05, **p <0.01, ***p <0.001, determined by Student’s t test.
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