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An altered CD8+ T cell epitope of insulin prevents type 1
diabetes in humanized NOD mice
Mengjun Zhang1,2, Shufeng Wang2, Binbin Guo2, Gang Meng3, Chi Shu2, Wenli Mai2,4, Qian Zheng2,4, Xiaoling Chen2,
Yuzhang Wu2 and Li Wang2

Autoreactive CD8+ T cells, which play an indispensable role in β cell destruction, represent an emerging target for the prevention of
type 1 diabetes (T1D). Altered peptide ligands (APLs) can efficiently induce antigen-specific T cells anergy, apoptosis or shifts in the
immune response. Here, we found that HLA-A*0201-restricted CD8+ T cell responses against a primary β-cell autoantigen insulin
epitope InsB15–14 were present in both NOD.β2mnull.HHD NOD mice and T1D patients. We generated several APL candidates for
InsB15–14 by residue substitution at the p6 position. Only H6F exhibited an inhibitory effect on mInsB15–14-specific CD8+ T cell
responses in vitro. H6F treatment significantly reduced the T1D incidence, which was accompanied by diminished autoreactive
CD8+ T cell responses to mInsB15-14, inhibited infiltration of CD8+ and CD4+ T cells in the pancreas and reduced pro-inflammatory
cytokine production in pancreatic and splenic T cells in NOD.β2mnull.HHD mice. Mechanistically, H6F treatment significantly
augmented a tiny portion of CD8+CD25+Foxp3+ T cells in the spleen and especially in the pancreas. This subset exhibited typical
Treg phenotypes and required peptide-specific restimulation to exert immunosuppressive activity. Therefore, this APL H6F may be
a promising candidate with potential clinical application value for antigen-specific prevention of T1D.
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INTRODUCTION
Type 1 diabetes (T1D) in both humans and nonobese diabetic
(NOD) mice is a spontaneous organ-specific autoimmune disease
resulting from autoreactive CD4+ and CD8+ T-cell-mediated
elimination of insulin-producing pancreatic islet β-cells.1 Emerging
data have shown that the major histocompatibility complex (MHC)
class I-restricted CD8+ T-cells play an indispensable role in the
initiation and progression of T1D.2–4 Antigen-specific immu-
notherapies aimed at silencing autoreactive CD8+ T-cell responses
may be promising approaches for the prevention of T1D
development.5 Altered peptide ligands (APLs) with subtle changes
at one or a few amino acid residues may provide considerable
benefits in antigen-specific immunotherapy for autoimmune
disease as they can modulate antigen-specific T-cell responses
ranging from induction of T-cell anergy to apoptosis and shifts in
T-cell responses.9 Autoreactive CD8+ T-cell tolerance has been
successfully induced to prevent T1D in NOD mice by systemic
administration of soluble APLs derived from a known immuno-
dominant CD8+ T-cell epitope10,11 or nanoparticles coated with
APL-MHCs complexes.12 However, no APLs targeting human
histocompatibility leukocyte antigen (HLA)-restricted autoreactive
CD8+ T-cell responses have been generated for potential clinical
applications.
HLA-A*0201 is the most commonly expressed HLA class I

allele in Caucasians and Asians (50%) and contributes to the

susceptibility to T1D.6 HLA-A*0201-transgenic NOD.β2mnull.HHD
mice, which express a monochain chimeric HLA-A*0201
molecule consisting of human β2-microglobulin covalently
linked to the α1 and α2 domains of human HLA-A*0201,
followed by the α3 transmembrane and cytoplasmic domains of
murine H-2Db, show an increased incidence of diabetes as well
as significant acceleration of T1D onset and progression despite
considerably reduced CD8+ T-cell numbers compared with NOD
mice.6,7 HLA-A*0201-restricted autoreactive CD8+ T-cell
responses against peptides derived from insulin (mIns1L3–11,
mIns1B5–14, and mIns1/2A2–10) and islet-specific glucose-6-
phosphatase catalytic subunit-related proteins (IGRP228–236,
IGRP265–273, and IGRP337–345) have been demonstrated in NOD.
β2mnull.HHD mice.6,7 Among these peptides, the IGRP228−236 and
IGRP265−273 epitopes have also been found to be targets of HLA-
A*0201-restricted autoreactive CD8+ T-cells in T1D patients.13,14

We recently found that HLA-A*0201-restricted CD8+ T-cells
against two peptides derived from chromogranin A were
present in NOD.β2mnull.HHD mice and T1D patients.15 Therefore,
NOD.β2mnull.HHD mice represent an ideal humanized model
for developing potential clinically translatable interventions
targeting diabetogenic HLA-A*0201-restricted CD8+ T-cell
responses.16

Insulin is a pivotal autoantigen that initiates the immune
response leading to T1D;8 therefore, inducing insulin-reactive
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T-cell tolerance is particularly important for the prevention of T1D.
We found that HLA-A*0201-restricted CD8+ T-cell responses
against Ins1B5−14 were present in both NOD.β2mnull.HHD mice
and T1D patients. However, administration of mIns1B5−14 could
not prevent T1D in NOD.β2mnull.HHD mice. Here, a series of APL
candidates of mInB15−14 with substitution at TCR contact sites (p6)
were generated. One APL, H6F, was identified as a therapeutic
candidate for in vivo studies. Systemic treatment with H6F
significantly reduced the T1D incidence in NOD.β2mnull.HHD mice.
Most surprisingly, a tiny portion of CD8+CD25+Foxp3+ regulatory
T cells (Tregs) was increased in the spleen and especially in the
pancreas with H6F treatment. Notably, the suppressive ability of
the CD8+CD25+ Tregs was markedly stronger than that of
conventional CD4+CD25+ Tregs. Moreover, these CD8+CD25+

Tregs required peptide-specific restimulation to exert their
immunosuppressive activity. The results of this study represent
the first report of the protective activity of an APL derived from an
islet β-cell antigen targeting diabetogenic HLA-A*0201-restricted
CD8+ T-cell responses in NOD.β2mnull.HHD mice with potential
clinical application value.

MATERIALS AND METHODS
Mice and T1D subjects
NOD.β2mnull.HHD mice were purchased from the Jackson Labora-
tory (Bar Harbor, Maine, USA). The mice were bred and maintained
in specific pathogen-free facilities and handled according to
“Principles of Laboratory Animal Care and Use in Research”
(Ministry of Health, Beijing, China). Fresh blood samples were
obtained from T1D subjects as previously described.15 All
experimental protocols were approved by the Ethics Committee
of the Third Military Medical University, and informed consent was
obtained from all participating subjects in this study.

Blood glucose monitoring
Blood glucose was monitored using a glucometer (OneTouch
Ultral; LifeScan, Milpitas, CA, USA) at weekly intervals, beginning at
10 weeks of age. According to several previous studies,17–19

diabetes was defined as two consecutive blood glucose values
above 11.1 mmol/l.

Modeling of HLA-A*0201-insulin peptide complexes
The 3D structure of the HLA-A*0201 molecule in complex with the
mIns1B5−14 decamer peptide was established based on PDB 1I4F,
a crystal structure of the complex of HLA-A*0201 with a MAGE-A4
peptide (GVYDGREHTV), as it has the highest resolution of all
known crystal structures of the complexes of HLA-A*0201 with
decamer peptides.20 The conformations of the p1, p2, and pc
(C-terminate) positions of mIns1B5−14 were determined by
mutating the corresponding positions in 1I4F, while the con-
formations of the middle positions (p3–p8) were generated using
the loop refinement protocol in the Discovery Studio 2.55
program (Accelrys Inc., San Diego, USA). Energy minimization
and molecular dynamics simulation were performed using the
standard dynamic cascade protocol in the DS2.55 package as
described in Mou et al.21 In brief, the generated conformation was
solvated in 0.145 mol/l NaCl using the solvation protocol, and then
5-ns molecular dynamics simulation was performed at 300 K after
minimization of the explicit periodic boundary models using the
steepest descent and conjugate gradient method. The structures
of the HLA-A*0201 molecule in complex with the APLs of the
mIns1B5−14 peptide were generated based the optimized model
of HLA-A*0201-mIns1B5−14, and another 1-ns molecular dynamic
simulation was performed to generate the final models. Finally,
the molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) method22 was used to calculate the binding free energy
between peptides and the MHC molecule in the generated
conformation.

Peptide treatment
Insulin-derived peptides mIns1B5−14 (HLCGPHLVEA), hInsB5−14

(HLCGSHLVEA), H6E (HLCGPELVEA), H6F (HLCGPFLVEA), H6Q
(HLCGPQLVEA), and H6Y (HLCGPYLVEA) and control peptides
OVA257–264 (SIINFEKL) and HIVpol476–484 (ILKEPVHGV) were synthe-
sized with purities >95% at the Chinese Peptide Company
(Hangzhou, China). We injected cohorts of 4-week-old female
NOD.β2mnull.HHD mice with 100 μg (1 μg/μl) of peptide in PBS
intraperitoneally. We repeated this procedure every week until the
sixth injection.

Histology
Pancreatic tissues from different peptide-treated nondiabetic
female NOD.β2mnull.HHD mice at 12 weeks old (ten mice per
group) were fixed in 10% neutral-buffered formalin and stained
with hematoxylin and eosin (H&E). 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 infiltration; 1, peri-insulitis; 2, insulitis with
<50% islet area infiltration; 3, insulitis with 50% islet area
infiltration.

IFN-γ ELISPOT assays
Briefly, 2 × 105 CD8+ T cells were purified from the spleens of
NOD.β2mnull.HHD mice treated with each peptide by magnetic
separation and were then incubated with T2 cells loaded with 50
μg/ml mInsB5−14 or OVA257–264 (negative control) at a rate of 10:1
in anti-mIFN-γ mAb-precoated ELISPOT plates (MabTech) for 36 h
at 37 °C. After incubation, the cells were removed and plates were
processed according to the manufacturer’s instructions. Spots
were counted using a spot reader system (Saizhi, Beijing, China).

Real-time RT-PCR
The mRNA levels of the pro-inflammatory cytokines of pancreatic
biopsy samples were detected as previously described.23

Isolation of pancreas-infiltrating cells
Pancreas-infiltrating cells from immunized NOD.β2mnull.HHD mice
were isolated as previously described.24

Flow cytometry
Surface markers and intracellular cytokines were detected as
previously described.15 Anti-CD3-FITC (145−2C11), anti-CD4-PE
(GK1.5) or FITC (RM4-4), anti-CD8-PerCP-Cy5.5 (53-6.7), anti-
CD25−PE or APC (PC61.5), anti-CD103-APC (2E7), anti-CD62L-APC
(MEL-14), anti-CTLA-4-APC (UC10-4B9), anti-Foxp3-PE (FJK-16s),
anti-IFN-γ-APC (XMG1.2), anti-IL-17A-PE (eBio17B7), and isotype
control antibodies were obtained from eBiosciences, San Diego,
CA, USA.

Suppression assays
CD4+CD25+, CD4+CD25−, and CD8+CD25+ T cells were purified
from the spleens of 12-week-old nondiabetic, H6F-treated female
NOD.β2mnull.HDD mice (all >90% purity) using the magnetic cell
isolation kit (StemCell Technologies) according to the manufac-
turer’s instructions. Varied numbers of CD8+CD25+ or CD4+CD25+

T cells were co-cultured in triplicate with CD4+CD25− effector
T cells (100,000 cells/well) stimulated with anti-CD3/CD28-coupled
beads (Life Technologies) for 3 days in 96-well plates at different
suppressor/responder ratios, and then [3H] thymidine (1 μCi/well)
was added for an additional 16 h of culture. Then, the uptake of
[3H] thymidine was determined using a liquid scintillation counter
(Beckman Coulter).
To further determine the presence of antigen-specific suppres-

sive CD8+CD25+ T cells, freshly isolated autologous CD4+CD25−

T cells (50,000 cells/well) were pre-stimulated with anti-CD3/CD28-
coupled beads (Life Technologies, Grand Island, NY) for 14 h and
then co-cultured with an equal number of CD8+CD25+ T cells
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purified from the spleens of H6F-treated NOD.β2mnull.HDD mice
and mitomycin C-treated syngeneic spleen cells (250,000 cells/
well) loaded with 10 μg/ml H6F, 10 μg/ml OVA257-264 (negative
control), or no peptide in triplicate. In some cultures, conditioned
medium was removed after 72 h of incubation at 37 °C in 5% CO2

and analyzed for cytokine levels of IFN-γ and IL-17 by enzyme-
linked immunosorbent assay (ELISA) kits (Dakewe Biotech.,
Shenzhen, China) according to the manufacturer’s instructions.

In other cultures, [3H] thymidine (1 μCi/well) was added for an
additional 16 h of culture. Then, the uptake of [3H] thymidine was
determined using a liquid scintillation counter (Beckman Coulter).

Statistics
An unpaired t-test or the Mann–Whitney test was used for
comparisons between different treatment groups depending on
the distribution of the data. A paired t-test was used to compare

Fig. 1 Design and selection of a potential antagonist peptide for mIns1B5–14. a The modeled structure of the mIns1B5–14-HLA-A*0201 complex
showing that the p5 and p6 positions of mIns1B5–14 bulged out of the binding groove, which were more accessible for TCR inspection. b T2
cell-based peptide binding assays for HLA-A*0201 were performed by FACS analysis. T2 cells were incubated with or without the indicated
peptides (10 μg/ml) and the level of surface HLA-A2 molecules was detected by flow cytometry. The H-2Kb-binding peptide OVA257-264 was
used as a negative control. Filled histograms, no peptide; open histograms, plus peptide. c The fluorescence index (FI) was calculated as
follows: FI= (mean fluorescence intensity with the given peptide―mean fluorescence intensity without peptide)/(mean fluorescence
intensity without peptide). Bars represent the mean ± SEM of three independent experiments. d, e The proliferation of splenocytes stimulated
with mIns1B5–14 (10 μg/ml) plus itself (10 μg/ml) or the indicated APLs (10 μg/ml) (d) and H6F at four different concentrations (e) was measured
by [3H] thymidine incorporation. Bars represent the mean ± SEM of seven independent experiments. Significance was determined by an
unpaired t-test

An altered CD8+ T cell epitope of insulin. . .
M Zhang et al.

592

Cellular & Molecular Immunology (2019) 16:590 – 601



autoreactive CD8+ T cell responses to the control peptide or
mIns1B5–14 of an individual within a certain treatment group.
P values < 0.05 were considered statistically significant.

RESULTS
Design and selection of a potential antagonist peptide from
Ins1B5-14
Previous studies have shown that autoreactive CD8+ T cells can be
tolerized by administering soluble antigenic peptides to prevent
the onset of T1D.10,25 We and others have demonstrated that
Ins1B5–14 is an immunodominant target of autoreactive CD8+

T cells in both NOD.β2mnull.HHD mice7 and HLA-A*0201-positive
T1D patients (Supplementary Table 1 and Supplementary Figure 1).
Administration of soluble mIns1B5–14 could not prevent the
development of T1D in NOD.β2mnull.HHD mice (Supplementary
Figure 1f). Several studies have demonstrated that administration
of soluble APLs rather than native peptides efficiently prevented
the development of T1D in NOD mice.10,17,26 Therefore, we sought
to identify APLs derived from mIns1B5–14 capable of inducing
tolerance of mIns1B5–14-specific pathogenic CD8+ T cells.
The modeled structure of peptide mIns1B5–14 in complex

with the HLA-A*0201 molecule was generated and optimized
using Discovery Studio 2.55 software. As shown in Fig. 1a, the
p5 and p6 positions bulged out of the binding groove and
were more accessible for TCR inspection. Moreover, the residue
Pro at p5 was a key residue in the turn conformations of
peptides, and the substitution of p5 with other residues
induced a large change in the peptide conformation. There-
fore, a series of the APL candidates of mInB15-14 was generated
by residue substitution at the p6 position with F, G, L, R, E, Q, T,
and Y. Here, F, G, and L represent residues lacking donors and
acceptors of H-bonds in the side chains; R represents the
conservative substitution of H; E and Q represent the acidic
residues and their amide residues; and T and Y represented the
neutral residues sharing donors and acceptors of H-bonds in
the side chains. After energy minimization and molecular
dynamics simulation of all modeled structures, the eight
structures of APLs in complex with the HLA-A*0201 molecule
were aligned to the structure of HLA-A*0201-mInsB5–14. The
root mean square deviations (RMSDs) of APLs relative to
mInsB5-14 were calculated based on the Cα atoms, and the
binding free energies between peptide ligands and the HLA-
A*0201 molecule were calculated using MM-PBSA analysis.
Four APLs (H6F, H6E, H6Q, and H6Y) that were predicted to be
good HLA-A*0201 binders with minimal changes in binding
conformation (Table 1) were synthesized. The actual binding
affinity of these APL candidates for the HLA-A*0201 molecule
was evaluated in vitro using a T2-cell-peptide binding test as
previously described.15 As shown in Fig. 1b, c, H6F, H6E, H6Q,
and H6Y showed similar binding affinities to HLA-A*0201
compared with the native peptide mIns1B5–14. We further
tested their ability to competitively inhibit the proliferation of
splenocytes from 12-week-old nondiabetic female NOD.
β2mnull.HHD mice upon stimulation with mIns1B5–14 in vitro.15

Only H6F significantly inhibited mIns1B5–14-derived splenocyte
proliferation in a dose-dependent manner (Fig. 1d, e), indicat-
ing that H6F may have an antagonistic effect on the TCR-
mIns1B5–14-MHC interaction. Therefore, H6F was selected as a
potential antagonist APL for the in vivo treatment study.

Intraperitoneal immunization with the APL H6F prevented the
onset of T1D in NOD.β2mnull.HDD mice
To investigate whether the APL H6F had antidiabetogenic
activity, we treated female NOD.β2mnull.HHD mice with repeated
i.p. injections of H6F, mIns1B5–14 and OVA257–264 (negative
control). As shown in Fig. 2a, administration of H6F significantly
prevented the onset of T1D compared with treatment with
native peptide or control peptide. Histopathological analysis
revealed that H6F treatment significantly inhibited the devel-
opment of insulitis in NOD.β2mnull.HHD mice at 12 weeks of age
compared to control peptide or native peptide treatment
(Fig. 2b, c). Notably, the absolute numbers and percentages of
infiltrating CD4+ and CD8+ T cells in the pancreata of H6F-
treated NOD.β2mnull.HHD mice were much lower than those
detected in mIns1B5–14- and control peptide-treated mice
(Fig. 2d). Furthermore, H6F-treated NOD.β2mnull.HHD mice
exhibited significant decreases in the mRNA levels of the pro-
inflammatory cytokines IFN-γ, IL-17, IL-1β, IL-6, and TNF-α but
showed no changes in the mRNA levels of anti-inflammatory
cytokines IL-4 and IL-10 in the pancreas compared with those in
mIns1B5–14 or control peptide-treated NOD.β2mnull.HHD mice
(Fig. 2e and Supplementary Figure 2).
Moreover, compared with NOD.β2mnull.HHD mice that

received mIns1B5–14 or control peptide injection, H6F-treated
NOD.β2mnull.HHD mice displayed significant decreases in the
frequencies of both IFN-γ- and IL-17A-producing CD4+ T cells as
well as IFN-γ- and IL-17A-producing CD8+ T cells in the spleen
(Fig. 3). These results indicated that H6F had strong protective
activity, which was associated with inhibition of insulitis
development, T-cell infiltration and pro-inflammatory cytokine
production in the pancreas, as well as extensive suppression of
peripheral pro-inflammatory T cell responses.

H6F treatment resulted in loss of mIns1B5-14 autoreactive CD8+

T-cell responses
To determine whether H6F treatment can induce tolerance of
autoreactive CD8+ T-cell responses towards the native peptide
mIns1B5–14, we analyzed the peptide mIns1B5–14-stimulated IFN-γ
spots formed by CD8+ T cells in spleens from NOD.β2mnull.HHD
mice that received different treatments as previously described.15

Compared with the control peptide, mIns1B5–14 stimulated a
much higher level of IFN-γ production in purified splenic CD8+

T cells from control peptide- and mIns1B5-14-treated NOD.β2mnull.
HHD mice. In contrast, no significant specific IFN-γ-producing cell
reactivity was detected in splenic CD8+ T cells stimulated with
mIns1B5-14 or control peptide in H6F-treated NOD.β2mnull.HHD
mice (Fig. 4a, b). These results indicated that treatment with H6F
efficiently induced the loss of mIns1B5-14 autoreactive CD8+ T cell
responses in NOD.β2mnull.HHD mice.

Table 1. ΔΔ G and RMSDC-α calculation results

APL candidates ΔΔ G (kcal/mol) RMSDC-α (Å) APL candidates ΔΔ G (kcal/mol) RMSDC-α (Å)

H6F −7.747 0.38 H6E −1.243 0.467

H6G 2.988 0.567 H6Q −0.445 0.512

H6L 11.087 0.523 H6T 23.057 0.934

H6R 2.545 1.432 H6Y −3.372 0.603

ΔΔ G: binding free energies of APLs relative to mIns1B5–14; RMSDC-α: RMSDs of APLs relative to mInsB5–14 calculated based on the Cα atoms
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Treatment with H6F augmented a tiny portion of CD8+CD25+Foxp3+

T cells in the spleen and pancreas
We further investigated the cellular mechanism underlying the
protective effect of H6F administration. Induction or expansion of
antigen-specific Tregs has been reported to be involved in

antigen-specific immunotherapies for autoimmune dis-
eases.12,27,28 Therefore, we examined the frequencies of classic
CD4+ Tregs, which highly express CD25 and Foxp3, and CD8+

Treg subsets described previously, such as CD8+CD28- Tregs,
CD8+CD122+ Tregs, and CD8+CD25+Foxp3+ Tregs, in different
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peptide treated-NOD.β2mnull.HHD mice at 12 weeks of age. Very
interestingly, a tiny subset of CD8+CD25+Foxp3+ T cells showed
an obvious increase in frequency in the spleen and pancreatic
lymph nodes (PLNs), but not inguinal lymph nodes (ILNs), from
H6F-treated NOD.β2mnull.HHD mice compared with those

detected in mIns1B5-14- or control peptide-treated mice (Fig. 5a
and data not shown). However, no significant difference was
identified among the frequencies of CD4+CD25+Foxp3+,
CD8+CD28-, CD8+CD122+ T cells in the spleen, PLNs and ILNs
(P > 0.05) from each group of peptide-treated NOD.β2mnull.HHD

Fig. 2 Intraperitoneal immunization with the APL H6F prevented the onset of T1D in NOD.β2mnull.HDD mice. Female NOD.β2mnull.HHD mice
received weekly intraperitoneal injections of 100 μg of peptide H6F, mIns1B5-14, or OVA257-264 from 4 to 9 weeks of age (n= 12 or 13). a The
mice were monitored for diabetes development. Data were obtained from three independent experiments. *P < 0.05 and ** P < 0.01.
b, c Histopathological evaluation of pancreatic sections from indicated peptide-treated NOD.β2mnull.HHD mice at the age of 12 weeks.
Pancreatic sections were stained with H&E and scored for insulitis. Representative micrographs (200× magnification) (b) and histologic scores
(c) from each group (n= 10) are shown. Insulitis scoring was performed according to the following criteria: 0, no infiltration; 1, peri-insulitis;
2, insulitis with <50% islet area infiltration; and 3, insulitis with >50% islet area infiltration. d Frequencies and absolute numbers of CD4+ and
CD8+ T cells (pre-gated on a live CD3+ population) infiltrated in pancreata from the indicated peptide-treated NOD.β2mnull.HHD mice at the
age of 12 weeks. The results for absolute numbers of these CD4+ and CD8+ T cells are expressed as the mean ± SD (each symbol represents a
sample of pooled pancreatic infiltrating cells from four mice). e The mRNA expression levels of indicated cytokines in the pancreas in each
peptide-treated group of nondiabetic mice (n= 6) were quantified by real-time RT-PCR. The data are presented as fold-change compared to
the mRNA levels expressed in pancreata from control peptide-treated mice. Significance was determined by an unpaired t-test

Fig. 3 Treatment with H6F notably reduced IFN-γ and IL-17 secretion by splenic T cells in the NOD.β2mnull.HDD mice. The percentages of
CD4+IFN-γ+ (a), CD8+IFN-γ+ (b), CD4+IL-17A+ (c), and CD8+IL-17A+ (d) T cells in spleens from the indicated peptide-treated nondiabetic NOD.
β2mnull.HHDmice at 12 weeks of age (n= 8) were determined by flow cytometry. Representative FACS density plots and statistical analyses are
shown. The data are expressed as the mean ± SD. Significance was determined by an unpaired t-test
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mice (Supplementary Figure 3 and data not shown). Moreover, the
frequency of CD8+CD25+Foxp3+ T cells in PLNs was the highest
compared with those detected in ILNs and spleens from H6F-
treated NOD.β2mnull.HHD mice (Fig. 5b). Notably, H6F treatment
also induced an increase in the frequency of CD8+CD25+Foxp3+

T cells among the pancreas-infiltrating (PIL) T cells, which was
much higher than that assayed in PLNs from NOD.β2mnull.HHD
mice treated with H6F but not the native peptide (Fig. 5c, d).
Taken together, our data indicated that treatment with H6F
augmented a tiny portion of CD8+CD25+Foxp3+ T cells in spleens
and especially in pancreata from NOD.β2mnull.HHD mice.

CD8+CD25+ T cells harbored a typical regulatory T cell phenotype
We found the splenic CD8+CD25+ T cells isolated from H6F-
treated NOD.β2mnull.HDD mice highly expressed Foxp3, and this
subset of cells expressed high levels of CTLA-4, CD62L, and CD103,
moderate levels of CD223 and GITR, a low level of IFN-γ, and
minimal IL-17A. Splenic CD8+CD25- T cells expressed minimal
Foxp3, much lower levels of CTLA-4, CD62L and CD103, a much
higher level of IFN-γ and minimal IL-17A. IL-10 was not detected in

either cell population (Fig. 6a, b and Supplementary Figure 4).
Notably, much higher levels of CD103, CD62L, Foxp3, and CTLA-4
secreted by splenic CD8+CD25+ T cells, and much lower levels of
IFN-γ and IL-17A secreted by splenic CD8+CD25- T cells were
found in H6F-treated NOD.β2mnull.HDD mice compared with those
in mice treated with mIns1B5–14 or control peptide (Fig. 6c, d).
Collectively, these results demonstrated that CD8+CD25+ T cells in
NOD.β2mnull.HDD mice may have competent regulatory activity
because of their high expression levels of similar phenotypic
regulatory markers compared to conventional CD4+CD25+ Tregs.

Splenic CD8+CD25+ T cells in H6F-treated mice exerted ligand-
specific suppressive activity
To further confirm whether CD8+CD25+ T cells in H6F-treated NOD.
β2mnull.HDD mice have suppressive activity, syngeneic CD4+CD25-

T cells were co-cultured with CD8+CD25+ or CD4+CD25+ T cells
purified from the spleens of these mice at different ratios in the
presence of anti-CD3/CD28-coupled beads, and then the prolifera-
tion of these cells was detected. Unexpectedly, we found that
CD8+CD25+ T cells inhibited the proliferation of CD4+CD25- T cells

Fig. 4 Treatment with H6F resulted in loss of mIns1B5–14 autoreactive CD8+ T cell responses. a Representative statistical analysis of the
average number of IFN-γ-positive spots derived from splenic CD8+ T cell responses to control peptide or mIns1B5-14 within a treatment group
(n= 5) are shown. The data are expressed as the mean ± SEM. Significance was determined by a paired t-test. b A representative image of IFN-
γ ELISPOT assay for monitoring mIns1B5-14-specific splenic CD8+ T cell responses in each peptide-treated group of nondiabetic NOD.β2mnull.
HHD mice at the age of 12 weeks. The average number of IFN-γ-positive spots per 2 × 105 splenic CD8+ T cells in triplicate cultures was
calculated. T2 cells pulsed with mIns1B5-14 or control peptide (50 µg/ml) were used as stimulators
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more efficiently than CD4+CD25+ T cells at equal numbers (Fig. 7a).
Furthermore, we examined whether splenic CD8+CD25+ T cells
isolated from H6F-treated mice require ligand-specific reactivation
to exhibit inhibitory effects. As shown in Fig. 7b, c, the proliferation
and IFN-γ and IL-17A production of pre-activated CD4+CD25-

responder T cells in the same cultures were significantly inhibited
only when CD8+CD25+ T cells derived from H6F-treated mice were

co-cultured with mitomycin C-treated syngeneic splenocytes pulsed
with H6F peptide, but not with control peptide or no peptide. These
results indicated that splenic CD8+CD25+ T cells in H6F-treated mice
possessed a strong immunosuppressive function and required
antigenic peptide ligand-specific reactivation to exert their immu-
nosuppressive activity.
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DISCUSSION
Here, we reported for the first time that the peptide H6F, a novel
APL derived from an HLA-A*0201-restricted immunodominant
peptide (InsB15–14), displayed strong protective activity in NOD.
β2mnull.HDD mice, which was associated with inhibition of insulitis
and T1D development, suppression of T-cell infiltration and pro-
inflammatory cytokine production in the pancreas, and induction
of insulin-specific CD8+ T cell tolerance. Very intriguingly, H6F
treatment selectively led to expansion of a tiny population of
CD8+CD25+Foxp3+ T cells in vivo, which exhibited a typical Treg
phenotype and required peptide-specific stimulation to exert their
immunosuppressive activity.
TCR engagement by APLs with amino acid substitutions at

TCR contact residues or at residues in the binding pocket of the
native peptide usually alters the strength or type of T cell
responses induced by the native peptide. Recently, numerous
APLs have been designed based on the autoreactive CD4+ T cell
epitopes for the treatment of T1D.17,26 Currently, few APLs
designed to modulate diabetogenic autoreactive CD8+ T cells
have been studied. A superagonist APL with a single amino acid
substitution at TCR contact residue p6 has been reported to
effectively protect against autoimmune diabetes by promoting
elimination of pathogenic CD8+ T cells.11 Another study
suggested that APLs with “low-avidity” rather than APLs with
“very high-avidity” or wild-type self-peptide had superior
antidiabetogenic activities in NOD mice.10 One APL generated
via substitution at p6 of the dominant epitope InsB15–23 has
been identified to antagonize the TCR of the highly pathogenic
InsB15–23-reactive CD8+ T cell clone G9C8 in vitro, but its
protective effect on diabetes has not yet been studied in NOD
mice.29 A previous study based on the crystal structure
demonstrated that one amino acid substitution at p6, which
led to only a minor conformational change in the contact with
the TCR and not with the MHC, had a profound influence on the
TCR-peptide-MHC interaction.30 Therefore, in this study, a set of
APLs was designed by residue substitution at p6 using in silico
analysis. Multiple T cell clones with different avidity levels
towards the same peptide are always present in organisms. We
speculated that these APLs mentioned above, which were all
screened using a single specific CD8+ T cell clone, may have an
unknown or even opposite effect on other clones with the same
antigen specificity. Therefore, we screened out an APL, H6F, as a
candidate for in vivo treatment by detecting the inhibitory
effect on native peptide-induced polyclonal splenocyte
responses. Furthermore, repeated treatment with H6F in vivo
resulted in a protective effect against T1D in NOD.β2mnull.HDD
mice. Therefore, the present study provides a convenient
approach for in silico design and in vitro screening of APLs
for modulation of multiple CD8+ T cell responses to an
antigenic peptide.
Previous studies have demonstrated that administration of APLs

derived from CD8+ T cell epitopes can efficiently induce
elimination of pathogenic CD8+ T cells in the islets of transgenic
mouse models of T1D.11 Consistently, we observed that H6F
treatment diminished peripheral CD8+ T cell responses against

the native peptide. In addition, H6F treatment also decreased the
infiltration of both CD8+ and CD4+ T cells in the pancreas and the
production of pro-inflammatory cytokines in pancreatic and
splenic T cells. We suppose that H6F treatment may induce
extensive bystander suppressive effects, including inhibition of
native peptide-specific CD8+ T cell responses. The protective
effects of antigen-specific immunotherapies for autoimmune
diabetes have frequently been associated with induction of
antigen-specific Tregs.10,27,31 However, compared with CD4+

Tregs,32 few studies on the induction of CD8+ Tregs in
autoimmune diabetes are available in the literature. One study
showed that treatment of NOD mice with nanoparticles coated
with disease-relevant peptide-major histocompatibility complexes
expanded cognate low-avidity CD8+CD122+CD44hi Tregs, which
suppressed local presentation of autoantigens and resulted in
disease prevention in prediabetic mice.12 Another study reported
that CD8+Foxp3+ Tregs induced by glutamate decarboxylate 65-
immunoglobulin G-transduced splenocytes were responsible for
the induction of GAD-specific immune tolerance in NOD mice.33 A
recent study demonstrated that the Chinese medicine Ginseng
and Astragalus granule ameliorated T1D in NOD mice by
increasing the numbers of both CD4+Foxp3+ and
CD8+CD122+PD-1+ Tregs in spleens and lymph nodes of NOD
mice.34 Here, we showed that repeated treatment with H6F
significantly augmented a rare population of CD8+CD25+Foxp3+

T cells in the spleen, PLNs and especially in the pancreas, which
possessed a typical and enhanced functional Treg phenotype.
Especially compared with CD8+CD25+ Tregs in the native or
control peptide-treated NOD.β2mnull.HDD mice, CD8+CD25+ Tregs
in H6F-treated NOD.β2mnull.HDD mice expressed much higher
levels of Foxp3, CTLA-4, CD62L, and CD103, reflecting strong
immunosuppressive properties. CD62L(high) Tregs have been
reported to express increased amounts of CTLA-4 and were more
potent than CD62L(low) Tregs in suppressing proliferation and
inducing apoptosis in effector T cells.35 CD8+CD25+Foxp3+ Tregs
expressing high levels of CTLA-4 and CD62L were reduced in the
cerebrospinal fluid of multiple sclerosis patients during acute
exacerbations.36 Fleissner D et al. reported that intestinal
hemagglutinin expression led to peripheral induction of
hemagglutinin-specific CD8+Foxp3+ Tregs expressing a high level
of CD103.37 CD8+CD25+ Tregs have been shown to share similar
phenotypic features with CD4+CD25+ Tregs, such as high
expression levels of CTLA-4 and Foxp3, and both Treg subsets
inhibited effector T cell responses with similar efficiency.27,38 We
found that the immunosuppressive capacity of CD8+CD25+ Tregs
isolated from H6F-treated NOD.β2mnull.HDD mice was markedly
higher than that of CD4+CD25+ Tregs isolated from the same
mice at an equal suppressor to responder ratio. This finding was
also supported by another study showing that
CD8+CD25+Foxp3+ Tregs suppress effector T cell proliferation
more effectively than CD4+CD25+Foxp3+ Tregs in vitro.39 We also
showed that this population of CD8+CD25+ Tregs isolated from
H6F-treated mice required H6F-specific reactivation to exert their
inhibitory effect on the proliferation and IFN-γ and IL-17 secretion
of polyclonally activated responder T cells, indicating that antigen-

Fig. 5 Treatment with H6F notably increased the frequency of CD8+CD25+Foxp3+ T cells in NOD.β2mnull.HHD mice. Spleen-, pancreatic lymph
node (PLN)-, inguinal lymph node (ILN)- and pancreas-infiltrating (PIL) cells were freshly isolated from the indicated peptide-treated
nondiabetic NOD.β2mnull.HHDmice at the age of 12 weeks (n= 8–16). a The percentages of CD8+CD25+ T cells and CD8+CD25+Foxp3+ T cells
in the spleen and PLNs were determined by flow cytometry. The data are expressed as the mean ± SD. b Comparison of the frequencies of
CD8+CD25+ and CD8+CD25+Foxp3+ T cells in ILNs, PLNs, and spleens from H6F-treated nondiabetic NOD.β2mnull.HHD mice (n= 8). The data
are expressed as the mean ± SD. c Representative FACS plots showing the frequencies of CD8+CD25+ and CD8+CD25+Foxp3+ T cells among
PIL cells pooled from four nondiabetic NOD.β2mnull.HHD mice with the indicated peptide treatments. d Comparison of the frequencies of
CD8+CD25+Foxp3+ T cells among PIL cells and PLNs from the same group of NOD.β2mnull.HHD mice treated with mIns1B5-14 or H6F (n= 16).
The results of the PIL cells are expressed as the mean ± SD (n= 4, each sample derived from pooled pancreatic infiltrating cells from four
mice), and the PLN results are expressed as the mean ± SD (n= 16). Significance was determined by the Mann–Whitney test
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specific CD8+ Tregs were induced by H6F treatment. Our study
together with these prior studies indicates that antigen-specific
CD8+CD25+ Tregs represent an important subset of regulatory
T cells and may play an important role in the maintenance of self-
tolerance even at a very low frequency in the target organ and the
peripheral lymphoid tissue; therefore, this may be a plausible
mechanism to explain why H6F treatment led to decreased
infiltration of both autoreactive CD8+ and CD4+ T cells and

reduced pro-inflammatory cytokine production in both the
pancreas and spleen in NOD.β2mnull.HDD mice. However, we did
not explore the mechanism for the expansion of
CD8+CD25+Foxp3+ Tregs by H6F treatment. Some studies have
suggested that weak, prematurely terminated, or suboptimal TCR
signaling favored the expansion of Foxp3+ Tregs.40,41 Therefore,
we speculate that the expansion of CD8+Foxp3+ Tregs induced by
H6F may result from a weakened TCR signaling cascade induced

Fig. 6 Phenotypic characterization of CD8+CD25+ T cells in the NOD.β2mnull.HHD mice. CD8+CD25+ and CD8+CD25− T cells were freshly
isolated from the spleens of H6F-treated nondiabetic NOD.β2mnull.HHD mice at the age of 12 weeks (n= 5) and these cells were phenotyped
by flow cytometry analysis. a Representative flow cytometry phenotypic profiles of CD8+CD25+ and CD8+CD25- T cells in H6F-treated NOD.
β2mnull.HHDmice. The numbers above the line indicate the event numbers of cells with a positive phenotype in the indicated cell subsets, and
the numbers below the line indicate the total numbers of the indicated CD8+CD25+ T cells or CD8+CD25- T cells. b The mean percentages of
Foxp3+, CTLA-4+, CD62L+, CD103+, IFN-γ+ and IL-17A+ in CD8+CD25+ (open bars) or CD8+CD25- (gray bars) T cells from H6F-treated NOD.
β2mnull.HHD mice (n= 5). ***Compared to the same phenotype or cytokine production of CD8+CD25+ T cells, P < 0.001. The data are
expressed as the mean ± SD. c The mean percentages of Foxp3+, CTLA-4+, CD103+, and CD62L+ in splenic CD8+CD25+ T cells or d the mean
percentages of IFN-γ+ and IL-17A+ in splenic CD8+CD25- T cells isolated from different peptide-treated NOD.β2mnull.HHD mice (n= 5). The
data are expressed as the mean ± SD. Significance was determined by an unpaired t-test
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by MHC/H6F/TCR interactions, which may also explain why H6F
exhibited a competitive inhibitory effect on the proliferation of
murine splenocytes induced by the native peptide in vitro.
In conclusion, our current findings indicate that a novel APL,

H6F, designed from an insulin-derived HLA-A*0201-restricted
immunodominant CD8+ T cell epitope has a protective effect
against T1D associated with the expansion of a rare population of
immunosuppressive antigen-specific CD8+CD25+Foxp3+ Tregs in
humanized NOD mice. Given that hInsB5-14 was an immunodo-
minant target of autoreactive CD8+ T cells in HLA-A*0201-positive
T1D patients42 and that more importantly, mIns1B5-14, on which
the APL was based, differs from its human equivalent at position 5
but displayed an appreciable cross-reaction with hInsB5-14,

7 we
speculated that the APL H6F may be a promising candidate with
potential clinical application value for antigen-specific prevention
of T1D. However, whether the human equivalent of H6F would
have similar properties to those of the mouse peptide used in our
study remains an intriguing question that we will explore in our
future studies.
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