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Abstract 

Background  Antigen-specific immunotherapy shows potential for inducing long-term immune tolerance in type 
1 diabetes (T1D), yet its clinical application is hampered by uncertainty regarding dominant epitopes. Conversely, 
non-antigen-specific treatments such as anti-CD3 monoclonal antibodies (mAbs) present a more straightforward 
approach but struggle to maintain tolerance after treatment. Addressing these issues is critical for advancing T1D 
therapies.

Methods  The phenotypic and metabolic properties of two subsets of exhausted CD8+ T cells were analyzed 
in both humans and NOD mice. T-cell receptor (TCR) diversity and Bulk RNA sequencing provided insights 
into the transcriptomic profiles and TCR reactivity of these cells. Mechanistic studies were conducted using the HEK-
293 T cell line and primary cells. Single-cell RNA sequencing (scRNA-seq) was applied to evaluate the characteristics 
of different CD8+ T cell subsets following two types of immunotherapies. In NY8.3 mice, the effect of mitochondrial 
fission inhibitors on immunotherapy results was evaluated. Final validation was carried out with peripheral blood 
mononuclear cells (PBMCs) from T1D patients.

Results  Our study reveals the diversity of two distinct exhausted CD8+ T cell subsets in T1D through flow cytometry, 
highlighting unique clinical features, phenotypes, and functions. Notable differences in TCR reactivity and metabolic 
pathways between these subsets were identified through TCR sequencing and transcriptomic analyses in NOD mice. 
Both antigen-specific and non-antigen-specific stimuli produced unique exhausted CD8+ T cell subsets. Our research 
identified leucine-rich repeat kinase 2 (Lrrk2) as a key regulator of mitochondrial fission, influencing the interconver-
sion of exhausted CD8+ T cell subsets by phosphorylating dynamin-related protein 1 (DRP1) at serine 637 (Ser637) 
and serine 616 (Ser616). scRNA-seq confirmed that antigen-specific immunotherapy effectively suppresses T cell 
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signaling, induces exhaustion, and promotes the development of terminally exhausted T (TEX) cells. Mitochondrial 
division inhibitor 1 (Mdivi-1) enhanced the therapeutic effect of anti-CD3 mAb treatment by promoting the develop-
ment of more TEX cells.

Conclusions  Our results point to a new immunotherapeutic approach that targets exhausted CD8+ T cells’ energy 
metabolism, offering valuable insights for advancing clinical strategies in T1D therapy.

Keywords  Exhausted T cell, Immune tolerance, Immunotherapy, CD3 mAb, Autoimmunity

Background
Type 1 diabetes is an autoimmune condition that spe-
cifically targets and destroys pancreatic β-cells [1–3], 
transforming from a life-threatening condition to a man-
ageable chronic disease primarily treated with exogenous 
insulin [4]. Nevertheless, there remains a critical need for 
innovative therapies aimed at halting or delaying the loss 
of functional β cell mass [5, 6]. Antigen-specific immu-
notherapy strives to induce peripheral immune tolerance 
without the extensive immune suppression associated 
with current monoclonal antibody treatments. However, 
the variability in islet autoantigens among individuals and 
disease stages presents a significant obstacle to achieving 
effective immune tolerance induction. While promising 
results have been observed in NOD mouse models con-
cerning antigen-induced immune tolerance, translating 
these outcomes into effective standalone therapies for 
humans has proven challenging [7, 8]. Several immu-
nosuppressive drugs have demonstrated partial efficacy, 
particularly in newly diagnosed individuals, by preserv-
ing β-cell function [9–12]. In particular, otelixizumab 
and teplizumab, two anti-CD3 mAbs, have demon-
strated encouraging outcomes in patients with T1D [13, 
14]. Recently, the Food and Drug Administration (FDA) 
approved teplizumab, marking it as the first-in-class drug 
designed to prevent T1D [15]. However, despite these 
advancements, none of these approaches have achieved 
durable immune tolerance or sustained insulin independ-
ence over the long term [11, 16–18].

CD8+ T-cell exhaustion is a type of T-cell failure that 
occurs in both cancer and persistent infections [19–
21]. These cells gradually lose their ability to secrete 
IL-2, destroy target cells, and release proinflammatory 
cytokines like TNF-α and IFN-γ as they break down 
[22]. Changes in metabolic fitness altered expression and 
usage of important transcription factors, and persistent 
overexpression of inhibitory receptors are all associated 
with this dysfunction [23–25]. Notably, exhausted CD8+ 
T-cell populations display considerable heterogeneity 
[26, 27]. Two primary groups of exhausted CD8+ T-cell 
subsets have been distinguished: terminally exhausted 
T (TEX) cells, which maintain superior cytotoxicity but 
have a lower long-term survival rate, and progenitor 
exhausted T (TPEX) cells, which are more polyfunctional 

and can survive in the absence of antigen [27]. In patients 
with autoimmune disorders, transcriptomic profiling 
has discovered a hallmark of CD8+ T-cell exhaustion 
that correlates with a less severe disease phenotype [28]. 
Recent research has identified exhausted CD8+ T cells 
within the pancreatic islets, displaying markers as TIM-
3, TOX, PD-1, and TIGIT in human and NOD mice [29, 
30]. Increased response to immunosuppressive thera-
pies or better prognostic outcomes has been related with 
elevated levels of exhausted CD8+ T-cell in T1D [31–33]. 
Nevertheless, it is still unknown precisely how certain 
exhausted CD8+ T-cell subsets contribute to T1D patho-
genesis. Furthermore, little is known about the devel-
opmental biology and underlying processes that control 
the generation, persistence, and responsiveness of CD8+ 
exhausted T-cell subsets to various immunotherapies in 
T1D.

The relationship between various parts of T-cell 
response and bioenergetic metabolism has gained more 
attention in recent years [34]. This understanding has 
prompted new considerations regarding the potential for 
modulating T-cell responses [35]. Our analysis aimed to 
discern whether TPEX and TEX cells manifest different 
cellular states and metabolic characteristics within the 
context of T1D. Additionally, we explored the presence 
of distinct phenotypes among exhausted CD8+ T-cell 
subsets following different immunotherapy approaches. 
Lastly, we evaluated the potential of combining immu-
notherapy with metabolic interventions as a novel strat-
egy to effectively harness exhausted T cells and improve 
clinical outcomes in T1D immunotherapy.

Methods
Patients/participants and data collection
One hundred eleven autoantibody-negative healthy indi-
viduals and 87 patients with T1D were recruited from 
the First Affiliated Hospital of Nanjing Medical Univer-
sity in Jiangsu, China. The overall 28-month period for 
blood sample collection is from August 2019 to Decem-
ber 2021. The American Diabetes Association’s criteria 
were used to diagnose T1D patients [36]. Patients and 
controls suffering from other autoimmune disorders and 
those with irrelevant chronic diseases were not included. 
The radio-immunoprecipitation assay (RIPA) was used 
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to identify islet autoantibodies (zinc transporter 8 anti-
body (ZnT8A), glutamic acid decarboxylase 65 antibody 
(GAD65A), and protein tyrosine phosphatase 2 antibody 
(IA2A)). All patients tested positive for autoantibod-
ies to at least one antigen. All patients were treated with 
insulin, and no other diabetes-related or immunotherapy 
medications were administered. Participants in the study 
provided written informed consent prior to their inclu-
sion. The Human Ethics Committee at the First Affiliated 
Hospital of Nanjing Medical University provided ethical 
approval for the study, including the consent process.

Biochemical and clinical tests
Venous blood specimens were collected after an over-
night fast to assess various metabolic parameters. The 
ARIANT II Hemoglobin Test System (Bio-Rad) was used 
to measure hemoglobin A1c (HbA1c). Plasma glucose 
and biochemical levels were analyzed using a Beckman 
AU5800 automated analyzer (Beckman Coulter).

Mice
Female NOD/ShiLtJ, TcraTcrbNY8.3 (8.3-NOD or 
NY8.3), and NOD/SCID mice weighing 20–25  g were 
purchased from the Jackson Laboratory and kept in spe-
cific pathogen-free environments (12-h light/dark cycle; 
20–26 °C; 40–60% humidity) at the GemPharmatech Co., 
Ltd. (Nanjing, China). Mice were acclimated for 1 week 
and simultaneously randomized to different groups fol-
lowing simple randomization. The Institutional Animal 
Care and Use Committee’s (IACUC) guidelines were 
followed when conducting the experiments at Nanjing 
Medical University.

Flow cytometry
PBMCs were isolated from heparinized tubes follow-
ing the manufacturer’s guidelines using a Lymphoprep™ 
(Nycomed) gradient. The spleen and draining lymph 
nodes of mice were used to separate lymphocytes. After 
performing surface immunostaining on approximately 
106 cells at a time, the cells were treated for 20  min at 
4  °C with a panel of fluorochrome-labeled antibod-
ies (the antibodies used are listed in the key resources 
table). Fifty nanograms per milliliter phorbol myristic 
acid (PMA, MedChemExpress), 1  μg/mL ionomycin 
(MedChemExpress), and 10  μg/mL Brefeldin A (Med-
ChemExpress) were used to stimulate cells for 5 h before 
they were stained with antibodies to the surface recep-
tors to evaluate intracellular cytokine production. Fixa-
tion and Permeabilization Kit (Nordic-Mubio) was used 
for fixation and permeabilization, followed by intracel-
lular cytokine labeling. Following instructions provided 
by the manufacturer, intracellular transcription factor 
labeling was performed with the FOXP3/Transcription 

Factor Staining Buffer Set (eBioscience). All samples were 
collected with a FACS Aria II Sorp flow cytometer (BD 
Biosciences), and the data was evaluated using FlowJo 
software.

Evaluation of human T cell function in vitro
CFSE-labeled fresh PBMCs were plated in a round-bot-
tomed 96-well plate with 10 μg/ml plate-bound anti-CD3 
antibody (BioLegend) and 2  μg/ml soluble anti-CD28 
antibody (BioLegend) for 3 days in RPMI 1640 complete 
medium to test for proliferation function. Cells were then 
collected and stained. PBMCs were first treated with 
10  μg/ml plate-bound anti-CD3 antibody and 2  μg/ml 
soluble anti-CD28 antibody overnight, then stained with 
the Zombie VioletTM Fixable Viability Kit (BioLegend) 
as directed by the manufacturer for apoptosis level, fol-
lowed by washing and surface staining. Finally, cells were 
treated with Annexin V-FITC (4A Biotech) for 5 min at 
room temperature, shielded from light, and analyzed 
within 1 h after binding buffer was added.

Bulk RNA‑seq and bioinformatics analysis
TPEX, TEX, and T effector (TEFF) cells were purified for 
total RNA extraction using the RNeasy Mini Kit (Qiagen, 
Germany). Paired-end libraries were generated using 
the TruSeq® RNA Sample Preparation Kit (Illumina, 
USA), following the guidelines provided in the TruSeq® 
RNA Sample Preparation Guide. In short, Poly-T oligo-
conjugated magnetic beads were employed to selectively 
isolate mRNA molecules with poly-A tails. To verify the 
insert size and determine the mole concentration, puri-
fied libraries were measured using the Qubit® 2.0Fluo-
rometer (Life Technologies, USA) and confirmed using 
the Agilent 2100 bioanalyzer (Agilent Technologies, 
USA). After the library was diluted to 10 pM, the cluster 
was produced using cBot and sequenced on the Illumina 
HiSeq X-ten (Illumina, USA). The library’s creation and 
sequencing were completed at Shanghai Biotechnology 
Corporation.

Sequencing data processing are provided in Additional 
file 1: Supplementary Materials and Methods [37–43] for 
details.

Conversion between TPEX, TEX, and TEFF cells
TPEX, TEX, and TEFF cells from NOD mice aged 
8–13 weeks were sorted by a BD Biosciences FACSAria 
II. CD3-depleted splenocytes were isolated from NOD 
mice using flow cytometric sorting, and then treated with 
25  μg/ml Mitomycin C (MedChemExpress) for 30  min 
at 37  °C [44, 45]. Following incubation, the cells were 
thoroughly washed with PBS before being used as feeder 
cells. Methods were performed as previously described 
[46]. For induction of TPEX conversion into TEFF and 
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TEX conversion into TPEX, we plated sorted TPEX or 
TEX cells at 1 × 106 cells/ml and 96-well round-bottom 
plate with an equal number of APCs that had already 
been treated with Mitomycin C in RPMI 1640 complete 
medium with 100 ng/ml soluble anti-CD3 antibody and 
200  ng/ml soluble anti-CD28 antibody, with or without 
6000 IU/ml IL-2. The medium was changed after 5 days. 
After 1 week of incubation, cells were treated with 10 μg/
mL Brefeldin A for the last 5 h before collection to pre-
pare them for assays of cell surface markers and intracel-
lular cytokines. For induction of TPEX differentiation 
to TEX, overall steps were the same as above. How-
ever, instead of the standard culture conditions, RPMI 
1640 complete medium was utilized supplemented with 
100 ng/ml anti-CD3 antibody, 200 ng/ml anti-CD28 anti-
body, and optionally 100 IU/ml IL-2 and 400 IU/ml IL-10.

TCR repertoires
NOD mice aged 8–13  weeks (n = 3/group) were sac-
rificed and lymphocytes were isolated. After staining, 
TPEX and TEX were labeled in vitro. Using a FACSAria 
II, cells were sorted immediately into buffer RLT (Qia-
gen) with 1% 2-mercapto-ethanol (Sigma) added. Sorted 
samples were kept at − 80  °C for analysis using iReper-
toire (Huntsville, AL), which identified Vβ-chain utiliza-
tion of in vivo-labeled exhausted CD8+ T cell subsets. IR 
methodology is explained by Niu et al. [47].

T cell sorting
Lymphocytes were first separated from the lymph nodes 
and spleens of NOD mice aged 8–13 weeks. Before iso-
lating CD8+ T lymphocytes, the Mouse CD8+ T Lym-
phocyte Enrichment Set (BD Biosciences, USA) was 
used for cell purification following the manufacturer’s 
protocol. The cell types detected using fluorescently 
labeled anti-CD8, anti-PD-1, anti-CD44, anti-Slamf6, 
anti-TIM-3, and anti-CD8+Slamf6+TIM-3− (TPEX), 
CD8+Slamf6−TIM-3+ (TEX), and CD8+CD44+PD-1− 
(TEFF) cells were subsequently sorted by a FACS Aria II 
Sorp flow cytometer (BD Biosciences).

Antigen stimulation of mouse lymphocytes in vitro
CD8+ T cells were isolated from NY8.3 mice aged 
6–8 weeks and plated at a density of 1 × 106 cells/mL in 
a 96-well round-bottom plate. Each well contained an 
equal number of antigen-presenting cells and was cul-
tured in RPMI 1640 complete medium. To stimulate the 
T cells, the cultures were either treated with 10 μmol/L 
of IGRP206–214 peptide or exposed to 5  μg/mL of plate-
bound anti-CD3 antibody (BioLegend) and 2  μg/mL 
of soluble anti-CD28 antibody (BioLegend). Cells were 

cultured at 37 °C for 72 h before being collected for sub-
sequent examination.

Detection of mitochondrial ETC protein and superoxide 
levels
Targeted cells were first surface-stained and subsequently 
fixed using the FOXP3/Transcription Factor Staining 
Buffer Set (eBioscience) to facilitate the detection of 
mitochondrial electron transport chain (ETC) proteins. 
The cells were then incubated for 15  min at room tem-
perature, in the dark, with anti-ATP5O (Abcam) and 
anti-Cytochrome C (BioLegend) antibodies. After surface 
labeling, the targeted cells were incubated at 37  °C for 
15 min, in the dark, with 5 μM MitoSOX™ Red (Thermo 
Fisher) to assess mitochondrial superoxide levels.

Determination of metabolic characteristics
Prior to surface staining, lymphocytes were resuspended 
and incubated at 37 °C for 20 min, protected from light, 
with the following dyes: 20 μM 2-NBDG (Thermo Fisher), 
1  μM BODIPY™ 500/510 C1, C12 (Thermo Fisher), or 
100  nM MitoScene™ 633 (MTR, US EVERBRIGHT) in 
pre-warmed RPMI 1640 complete medium, or 100  nM 
MitoTracker™ Green FM (MTG, Thermo Fisher) in pre-
warmed RPMI 1640 medium. Cells were then stained 
with 1  μg/mL BODIPY™ 493/503 (Thermo Fisher) for 
lipid droplet analysis. After a 1 h incubation at 4 °C in the 
dark, surface staining was performed. For CD36 analysis, 
Anti-CD36 (BioLegend) was added with the other anti-
bodies during surface staining.

Electron microscopy
The sorted cells were preserved in cacodylate buffer 
(0.1  M, pH 7.4) containing 2.5% paraformaldehyde and 
25% glutaraldehyde for transmission electron microscopy 
(TEM). To enhance contrast, the samples were post-fixed 
for 2  h with 1% osmium tetroxide, followed by staining 
with 2% uranyl acetate (wt/vol.) in double-distilled water. 
Samples were embedded in EPON 812 after multiple 
washings and graded alcohol (50, 70, 90, and 100%) dehy-
dration. They were subsequently processed into ultrathin 
sections of 60–80 nm using a Leica ultramicrotome EM 
UC6 (Leica). A JEOL JEM-1400Flash (JEOL) transmis-
sion electron microscope operating at an accelerating 
voltage of 80  kV was used to observe cell structures. 
Quantification was performed on the number of mito-
chondria per cell and the length of all the mitochondrial 
cristae per mitochondrion.

Mitochondrial suppression in vitro
After isolation from NY8.3 mice aged 6–8 weeks, CD8+ 
T cells were cultivated in an activating media using 
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IGRP206–214 peptide or anti-CD3/anti-CD28 with 10 μM 
Oligomycin A (MedChemExpress)/ 1  μM Antimycin 
A (Maokang Biotechnology), 200  μM Mdivi-1 (Med-
ChemExpress), or 10 μM Oligomycin A/1 μM Antimycin 
A/200 μM Mdivi-1 and incubated for 4 h in vitro for cell 
staining and detection.

Human PBMCs were obtained from T1D patients and 
then stimulated with 10  μg/ml plate-bound anti-CD3 
and 2 μg/ml soluble anti-CD28 under the culture condi-
tions described above, and assayed after 12 h incubation 
in vitro.

Cell transfection
293 T cells were cultured in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum 
(Hyclone, Logan, UT). To generate cell lines expressing 
the leucine-rich repeat kinase 2 (Lrrk2) gene, 293 T cells 
were initially transfected with the Lrrk2 plasmid. Sub-
sequently, Lrrk2 knockdown was achieved by transfect-
ing the cells with an Lrrk2-specific plasmid followed by 
shRNA-mediated interference.

Quantitative real‑time PCR(qRT‑PCR)
qRT-PCR was used to evaluate mRNA expression levels. 
To put it briefly, total RNA was extracted using Trizol 
(Invitrogen, USA), and cDNA synthesis was performed 
with the PrimeScript RT Reagent Kit (Takara, Japan). 
Quantitative PCR was then performed using SYBR Green 
RT-PCR Mix on an Applied Biosystems QuantStudio sys-
tem (Thermo Fisher Scientific, USA).

Western blot
Proteins were separated using SDS-PAGE, and protein 
expression under equivalent loadings of each sample was 
then examined using electrophoretic transfer, immuno-
blotting, and chemiluminescent detection. The follow-
ing antibodies and their respective dilutions were used: 
anti-Lrrk2 (clone MJFF2 (c41-2), Abcam, ab133474) at 
1:10,000; anti-Drp1 (clone D6C7, Cell Signaling Technol-
ogy (CST), 8570S) at 1:1000; anti-phospho-Drp1 (Ser637) 
(clone D3A4, CST, 6319S) at 1:1,000; anti-phospho-Drp1 
(Ser616) (clone D9A1, CST, 4494S) at 1:1000; and anti-β-
actin (clone 8H10D10, CST, 3700S) at 1:1000.

Single‑cell library preparation and sequencing
FACSAria II cell sorter (BD Biosciences) was used to iso-
late CD8+ T cells from the spleen and lymph nodes of 
NY8.3 mice treated with IGRP206–214 or anti-CD3 mAb. 
The Singleron Matrix® Single Cell Processing System 
loaded 2 × 105 cells/mL with PBS (HyClone) into micro-
well chips. After the removal of barcoding beads from the 
microwell chips, the captured mRNA was subjected to 
reverse transcription and PCR amplification to generate 

complementary DNA (cDNA). Sequencing adapters were 
subsequently used to segment and ligate the amplified 
cDNA. The GEXSCOPE® Single Cell RNA Library Kits 
(Singleron) procedure was followed in the construction 
of the scRNA-seq libraries [48]. After dilution to 4 nM, 
the separate libraries were combined and sequenced 
on an Illumina NovaSeq 6000, using 150-bp paired-end 
reads.

Sequencing data processing are provided in Additional 
file 1: Supplementary Materials and Methods for details.

Immunomodulation of mitochondrial inhibitors 
with antigens in vitro
Following CD8+ T cell isolation from NY8.3 mice aged 
6–8  weeks, the cells were plated at 1 × 106 cells/ml in a 
96-well round-bottom plate. On day 0, the cells were ini-
tially activated by using 10  μmol/L IGRP206–214 peptide 
in RPMI 1640 complete medium + 25 U/ml IL-2. After 
24 h (day 1), the cells were treated with 2 μg/million cells 
InVivoMAb anti-mouse CD3ε (Bio X Cell) or 10 μmol/L 
IGRP206–214 peptide, with or without 10 μM Oligomycin 
A/1  μM Antimycin A/200  μM Mdivi-1 in fresh RPMI 
1640 complete medium + 25 U/ml IL-2. After 48  h (day 
3), cells were divided in half, so that each group now 
had eight wells instead of four and the exhausted growth 
medium was exchanged for fresh medium for each group. 
After another 48 h, Brefeldin A (10 μg/mL) was added 5 h 
before sample collection and cytokine assays.

Human PBMCs were isolated from T1D patients and 
then activated with 10 μg/ml plate-bound anti-CD3 and 
2 μg/ml soluble anti-CD28. The cells were seeded into a 
96-well round-bottom plate at a concentration of 1 × 106 
cells/ml on day 0. Fresh medium + 25 U/ml IL-2 con-
taining 2  μg/million cells InVivoMAb anti-human CD3 
(Bio X Cell) with or without 10 μM Oligomycin A/ 1 μM 
Antimycin A/ 200  μM Mdivi-1 was used to replace the 
old medium after 24  h (day 1). After another 48  h (day 
3), each group of cells was divided into two halves and 
the medium was exchanged for fresh, corresponding 
medium. On day 5, 10 μg/mL Brefeldin A was added 5 h 
prior to sample collection and cytokines assays.

Adoptive transfer experiments and in vivo treatment
For adoptive transfer experiments, 6 × 105 
CD3+CD8+CD44+PD-1− TEFF cells sorted from NY8.3 
female mice aged 6 weeks and resuspended in PBS were 
administered intravenously to NOD/SCID recipients for 
adoptive transfer assessments. Then recipients randomly 
received either 10  μg of InVivoMAb anti-mouse CD3ε 
(Clone: 145-2C11, Bio X Cell) i.v. per day for 5 days [49], 
or were administered 40  μg of IGRP206–214 peptide in 
20 μl sterile PBS (20 μg in 10 μl per nostril) intranasally 
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per day for 3 days [50]. Exhausted CD8+ T cell subpopu-
lations were assayed in NOD/SCID mice at 5 or 15 days 
after the drug administration.

For in  vivo treatment, there were 3 dosing regimens: 
(1) 10  μg CD3 mAb i.v. per day for 5  days; (2) 40  μg 
IGRP206–214 peptide i.n. daily for 3  days; (3) 10  μg CD3 
mAb, 0.125  mg/kg Oligomycin A [51], 5  mg/kg Anti-
mycin A [52], and 1 mg/kg Mdivi-1 [53] i.v. per day for 
5 days. Controls were given PBS treatment. NY8.3 female 
mice aged 6  weeks were treated randomly with the 
administration regimens above and blood glucose was 
measured daily to monitor for diabetes. After 60  days, 
non-diabetic mice were sacrificed and observed for insu-
litis and cellular phenotype. Diabetic NY8.3 mice were 
also treated with the above administration and moni-
tored blood glucose daily for 30 days.

Diabetes assessment and histology
Blood glucose levels were tested using a Contour blood 
glucose meter (Terumo), and diabetes was identified 
through venous blood analysis. Two readings in a row 
above 13.9  mM were considered diabetes. The methods 
used for histological investigation included staining 5-µm 
sections with hematoxylin and eosin and fixation of the 
pancreas in 10% (vol./vol.) buffered formalin. Pancreatitis 
was then detected by blindly scoring ten pancreatic slices. 
Images were taken with a Zeiss Axio Vert A1 microscope, 
and image analysis was performed using Adobe Illustra-
tor CS2. The scoring system used was as follows: 0 = no 
infiltration, 1 = 0 to 25%, 2 = > 25 to 75%, and 3 = > 0.75%.

Statistical analysis
The Mann–Whitney U test was used for comparisons 
of non-normally distributed data, while the unpaired 
Student’s t test was applied to data with a normal dis-
tribution. Paired samples were compared by Wilcoxon 
test. Depending on whether the data were normally dis-
tributed, comparisons of three or more groups were 
conducted using either the Kruskal–Wallis test or an 
ANOVA with Tukey’s multiple comparisons test. For 
parametric data analysis, Pearson’s r was used to examine 
correlation. Statistical significance was determined using 
a two-tailed P value of < 0.05. Graphs and statistical anal-
yses were generated using GraphPad Prism 6.0 (Graph-
Pad Software). Materials and procedures in this study are 
described in detail in the supplemental information.

Results
Exhausted CD8+T‑cell subsets with distinct clinical 
characteristics, phenotypes, and functions
Additional file  2: Table. S1 summarizes the biochemical 
and clinical features observed in patients with T1D. Fast-
ing glucose and HbA1c levels were higher in T1D patients. 

Total exhausted CD8+ T cells and their subsets were ana-
lyzed by flow cytometry (Fig. 1A). In patients with T1D, 
both total exhausted CD8+ T cells (CD44+PD-1+) and 
TEX cells (CD8+CD44+PD-1+Slamf6−TIM-3+) were 
significantly reduced (P = 0.003; P < 0.0001; Fig.  1B). 
However, T1D patients exhibited a higher frequency of 
TPEX cells (CD8+CD44+PD-1+LSlamf6+TIM-3−) com-
pared to healthy controls (P < 0.0001; Fig. 1B). Moreover, 
total exhausted CD8+ T cells in T1D exhibited markedly 
reduced secretion of IL-2 (Additional file  3: Fig. S1A). 
In contrast, TPEX cells demonstrated a significantly 
increased production of IFN-γ and TNF-α, likely reflect-
ing their combined effector function and exhausted 
phenotype (P = 0.0005; P = 0.0075; Fig.  1C). Both sub-
sets of exhausted CD8+ T cells exhibited reduced IL-2 
secretion in T1D (P = 0.0296; P < 0.0001; Fig.  1C,D). We 
compared the levels of cytokines secreted by the two sub-
sets of exhausted CD8+ T cells in T1D and found that 
significantly lower levels of cytokines secreted by TEX 
cells, which is in line with results from previous studies 
[27] (Additional file 3: Fig. S1B). TPEX cells exhibited a 
stronger proliferative capacity in T1D patients than in 
healthy controls (P = 0.0002; Fig.  1E). However, no sig-
nificant difference in the proliferative capacity of TEX 
cells was found between T1D patients and healthy con-
trols (Fig.  1E). Ki67 levels were higher in both TPEX 
and TEX cells in T1D patients (P = 0.0061; P = 0.0052; 
Fig. 1F). CD69 levels in TEX cells were significantly lower 
in T1D patients (P = 0.0005; Fig.  1G). The results sug-
gest that TPEX cells have a higher proliferative capac-
ity in T1D patients than in healthy controls. We further 
evaluated the cytotoxic function of both subsets and 
found that TPEX cells exhibited weaker cytotoxicity in 
T1D patients (P = 0.0065; Fig. 1H). No significant differ-
ence was observed in granzyme B secretion by TEX cells 
between T1D patients and healthy controls, as illustrated 
in Fig.  1I. Additionally, there was a significant increase 
in the total apoptosis proportion of the two subsets in 
T1D patients (P = 0.0002; P = 0.0035; Fig.  1J). Therefore, 
exhausted CD8+ T cells from type 1 diabetic patients 
have potentially a higher proliferative capacity and are 
more prone to apoptosis.

Next, we explored the associations between T1D clini-
cal characteristics and exhausted CD8+ T cells. We noted 
a significant rise in the frequency of total exhausted CD8+ 
T cells in individuals with a disease duration exceeding 
2 years (Additional file 3: Fig. S1C). In contrast, no notable 
differences were observed in the frequencies of TPEX and 
TEX cells between patients diagnosed within 2 years and 
those with a longer disease duration (Additional file 3: Fig. 
S1C). Among the ten patients monitored over a 6-month 
period, the overall frequency of exhausted CD8+ T cells 
remained stable as the disease progressed (Additional 
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file 3: Fig. S1D). However, after 6 months of follow-up, a 
significant reduction in TPEX cells was observed, while 
the frequency of TEX cells increased in patients with T1D 
(Additional file  3: Fig. S1D). We classified patients with 
no detectable insulin secretion (C-peptide < 3.33 pmol/L) 
and a diagnosis within 4  years as rapidly progressing. 
Patients with C-peptide levels > 3.33  pmol/L and a diag-
nosis of 4 years or more were classified as slow progres-
sors. Our findings indicated that TPEX cell numbers were 

significantly higher in T1D patients with slower disease 
progression (Additional file 3: Fig. S1E). Additionally, we 
noted a higher frequency of TEX cells in rapid progres-
sors (Additional file 3: Fig. S1E).

Phenotypes and functions of exhausted CD8+T‑cell subsets 
in NOD mice
The kinetic change of exhausted CD8+ T cells in the 
NOD mice was then examined. Only a minor rise in 

Fig. 1  Characterization of circulating exhausted CD8+ T cells subsets in T1D. A Representative flow cytometry plots showing the gating strategy 
for exhausted CD8+ T cells subsets. B The frequencies of total exhausted CD8+ T cells and their subsets in patients with T1D (n = 87) and healthy 
controls (n = 111). C, D The expression of IFN-γ, TNF-α, and IL-2 in TPEX and TEX was measured by flow cytometry 5 h after stimulation with PMA, 
ionomycin, and brefeldin A (n = 45) in patients with T1D and healthy controls (n = 47). E Proliferation (assessed by CFSE dilution) of exhausted CD8+ 
T cells subsets plated for 3 days with CFSE-labeled plus anti-CD3 and anti-CD28 in T1D patients (n = 8) and healthy controls (n = 23). F–I Ki67, CD69, 
CD107, and GrB expression from exhausted CD8+ T cells subsets in T1D patients (n = 10) and healthy controls (n = 11). J The frequency of apoptotic 
cells within the exhausted CD8+ T cell subsets was assessed in both healthy controls (n = 11) and T1D patients (n = 10). *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. Two-sided Student’s t test (B,C). Mann–Whitney test (D–J). FSC, forward-scatter; SSC, side-scatter; HC, healthy controls
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the frequency of total exhausted CD8+ T cells was 
observed in the lymph nodes and spleen until the age 
of 15  weeks  (Fig.  2A). However, following significant 
destruction of islet cells and a substantial release of 
autoantigens at 25  weeks of age, the frequency of total 
exhausted CD8+ T cells decreased rapidly (Fig.  2A). 
TPEX cell alterations were similar to those of total 
exhausted CD8+ T cells (Fig.  2A). In contrast, the fre-
quency of TEX cells exhibited a slight increase over time 
(Fig.  2A). Although the frequency of total exhausted 
CD8+ T cells was elevated in diabetic mice compared to 

nondiabetic controls, the difference did not reach sta-
tistical significance (Fig.  2B). Notably, the frequency of 
TPEX cells was significantly higher in diabetic NOD mice 
(P = 0.0317), while no significant difference was observed 
in the frequency of TEX cells between the two groups 
(Fig.  2B). We further investigated the expression of 
exhausted CD8+ T cells and their subsets in NY8.3 mice 
with rapid disease progression and in NOD mice with 
relatively slow disease progression. Our findings revealed 
a significantly higher expression of total exhausted CD8+ 
T cells in NY8.3 mice compared to age-matched NOD 

Fig. 2  Quantification, functionality, and co-receptor expression of exhausted CD8+ T cells and their subsets in NOD mice. A The frequencies 
of exhausted CD8+ T cells and their subsets were assessed in the draining lymph nodes and spleen of mice at ages 4, 9, 15, and 25 weeks (n = 6/
group). B The frequencies of exhausted CD8+ T cells and their subsets in diabetic and non-diabetic NOD mice (n = 5/group). C The frequencies 
of exhausted CD8+ T cells and their subsets in the rapidly progressing non-diabetic NY8.3 mice and the slowly progressing non-diabetic NOD mice 
ages 10 weeks (n = 5/group). D–G Co-expression of immune checkpoints on exhausted CD8+ T subsets in NOD mice aged 8–13 weeks (n = 10/
group). H, I T-bet and Eomes on exhausted CD8+ T subsets in NOD mice aged 8–13 weeks (n = 10/group). MFI, mean fluorescence intensity. A * 
P < 0.05; ** P < 0.01; ***0.001. ## P < 0.01; ### P < 0.001; #### P < 0.0001. * compare with 4 weeks in spleen; # compare with 4 weeks in lymph node. 
B–I *P < 0.05; **P < 0.01; ****P < 0.0001. One-way ANOVA, Tukey’s multiple comparisons test (A); Mann–Whitney test (B–I). Data are cumulative results 
from at least two independent experiments
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mice (P = 0.0243; Fig. 2C). Conversely, the expression of 
TPEX cells was notably elevated in the slowly progressing 
NOD mice, aligning with observations in T1D patients 
(P < 0.0001; Fig.  2C). NY8.3 mice demonstrated a mark-
edly increased frequency of TEX cells when compared to 
NOD mice (P < 0.0001; Fig. 2C).

We determined the expression of both inhibi-
tory and activated receptors. Compared to effector 
CD8+(CD44+PD-1−) T cells, total exhausted CD8+ T 
cells exhibited significantly higher expression of 2B4, 
LAG3, and CD137 (Additional file  3: Fig. S2A, C, E). 
We next confirmed that TEX cells also enhanced the 
expression of PD-1, 2B4, LAG-3, and CD137 (P < 0.0001; 
P < 0.000; P < 0.0001; P < 0.0001; Fig.  2D–G) (Additional 
file 3: Fig. S2B, D, F). Cells with high PD-1 levels showed 
elevated CD137 expression, which may be a result of 
recent antigen contacts [54]. Our results suggested that 
TCR triggering could be the cause of the TEX cell phe-
notype. Previous research has showed that high Eomes 
expression might positively regulate exhaustion [55]. 
Compared to effector CD8+ T cells, total exhausted 
CD8+ T cells exhibited higher levels of Eomes and T-bet 
(Additional file  3: Fig. S2G-H). In the spleen, TEX cells 
produced more Eomes (P = 0.0023), but TPEX cells 
expressed more T-bet (P < 0.0001), as seen in Figs.  2 H 
and I. However, in the lymph nodes, TEX cells expressed 
more T-bet and Eomes (Additional file 3: Fig. S2I).

The unique transcriptional characteristics of exhausted 
CD8+T‑cell subsets in NOD mice
We further characterized exhausted CD8+ T cells by 
analyzing RNAseq data. The data filtered by principal 
component analysis of variance (ANOVA) clearly sepa-
rated the three groups (Fig.  3A). Comparative analy-
sis of NOD mice revealed differential gene expression 
between TEX and TEFF cells, TPEX and TEFF cells, and 
TPEX and TEX cells, with 5899, 1112, and 5202 genes, 
showing significant differences, respectively. The overlap 
among the differentially expressed genes from each com-
parison is illustrated in Fig. 3B. Furthermore, an ANOVA 
analysis of 34,745 genes with above-background expres-
sion levels revealed 337 genes that were differentially 
expressed across TPEX, TEX, and TEFF cells (Fig.  3C). 

The biological processes that were significantly altered 
in TPEX, TEX, and TEFF cells were subsequently iden-
tified using pathway enrichment analysis (Fig. 3D). Hier-
archical clustering analysis identified ten gene clusters 
with different expression levels among TPEX, TEFF, and 
TEX cells (Fig.  3E). We found that differential genes in 
these cells were primarily enriched in pathways associ-
ated with apoptosis, metabolism, cell cycle regulation, 
chemokines, and cytokine-cytokine receptor interactions 
(Fig.  3E). Additionally, by comparing the two exhausted 
CD8+ T-cell subsets, we were able to identify a group of 
4809 genes that showed differential expression (Fig. 3F). 
The two subsets differed mainly in cell survival, immune 
cell signaling pathways, and metabolism-related sign-
aling pathways according to KEGG enrichment analy-
sis (Fig.  3G). The mechanisms driving T-cell exhaustion 
in T1D were further examined using gene-set enrich-
ment analysis (GSEA). TPEX cells upregulated the T-cell 
receptor signaling (P < 0.000), cell cycle (P < 0.000), and 
DNA replication signatures (P < 0.000), while TEX upreg-
ulated the mitochondrial dysfunction gene signature 
(P < 0.000) (Fig. 3H).

The transcriptional profiling data revealed an enrich-
ment of genes associated with cytokine-cytokine receptor 
interaction signaling in TEX cells. Further study revealed 
that TPEX cells had much greater levels of IL-2Ra, IL-
2Rb, and IL-2Rg expression (P = 0.0074, P = 0.0004, 
P = 0.0004) whereas TEX cells had significantly higher 
levels of IL-10R expression (P = 0.0333) (Fig.  4A). First, 
we evaluated if TPEX cells could produce cytokines 
again and exhibit less PD-1 when expanded in vitro with 
IL-2 (Fig.  4B). The TPEX cells showed a lower expres-
sion of PD-1 (P = 0.0235) and failed to secrete substan-
tial amounts of IFN-γ and TNF-α (P = 0.0286), which 
was consistent with the phenotype of T1D patients 
(Fig. 4C,D). IL-2-treated TPEX cells rapidly re-expressed 
more PD-1-negative effector T cells (P = 0.0300), whereas 
no substantial effect on controls was observed (Fig. 4E). 
When TPEX cells were exposed to IL-10, no substan-
tial effect was observed on PD-1 expression and IFN-γ 
secretion (Fig.  4F–H). The level of TNF-α was signifi-
cantly decreased (P = 0.0248) (Fig.  4H). TPEX cells did 
not differentiate into TEX cells (Fig. 4I). Additionally, we 

(See figure on next page.)
Fig. 3  The gene transcription profile for NOD mouse exhausted CD8+ T cells and their subsets. n = 3 biologically independent samples. A Principal 
component analysis for sorted exhausted CD8.+ T cells and their subsets from NOD mice. B Genes showing significant regulation between the three 
subsets. Significance was defined as log2 fold change ≥ 1 and Benjamini–Hochberg FDR < 0.01. C Heatmap of RNA-seq data for TEFF, TPEX, and TEX 
subsets. D Kyoto Encyclopedia of Genes and Genomes (KEGG) enriched in all differential genes in TEFF, TPEX, and TEX subsets. E Key biological 
processes are either up- or downregulated in specific clusters. F Heatmap of RNA-seq data for TPEX and TEX subsets. G KEGG enriched in all 
differential genes in TPEX and TEX subsets. H Published data sets from subsets of exhausted T lymphocytes in NOD mice using gene set enrichment 
analysis (GSEA). NES, normalized enrichment score. FDR, false discovery rate. One-way ANOVA (B–D); Mann–Whitney test (F)
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Fig. 3  (See legend on previous page.)
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Fig. 4  A fixed state of malfunction is exhibited by exhausted CD8+ T cell subsets (n = 4/group). A GSEA examining the enrichment 
of genes associated with cytokine-cytokine receptor interaction signaling in exhausted CD8+ T cell subsets in NOD mice. Expression 
of the cytokine-cytokine-receptor genes at the mRNA level in the exhausted CD8+ T cell subsets. B Diagram showing the experimental design 
for the conversion of TPEX cells into TEFF cells. C Expression of PD-1 in IL-2 expanded sorted TPEX cells. D IFN-γ and TNF-α expression in IL-2 
expanded sorted TPEX cells. E The proportion of exhausted CD8+ T cells that are CD44+PD-1− and CD44+PD-1+ in IL-2 expanded sorted TPEX cells. 
F Diagram showing the experimental design for the conversion of TPEX cells into TEX cells. G PD-1 expression in sorted TPEX cells following IL-2 
removal and short exposure to IL-10. H IFN-γ and TNF-α expression in sorted TPEX cells following IL-2 removal and short exposure to IL-10. I The 
percentage of TEX cells and TPEX cells in sorted TPEX cells following IL-2 removal and short exposure to IL-10. J Diagram showing the experimental 
design for the conversion of TEX cells into TPEX cells. K Expression of PD-1 in IL-2 expanded sorted TEX cells. L IFN-γ and TNF-α expression in IL-2 
expanded sorted TEX cells. M The percentage of TPEX and TEX cells in IL-2 expanded sorted TEX cells. *P < 0.05; **P < 0.01; ***P < 0.001. Mann–
Whitney test. Data are cumulative results from two independent experiments
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investigated whether adding IL-2 to TEX cells in  vitro 
might decrease PD-1 expression and restore cytokine 
production (Fig. 4J). Following treatment with IL-2, PD-1 
expression remained unchanged (Fig.  4K). TEX cells 
did not release significant amounts of TNF-α; however, 
there was an increase in IL-2, leading to enhanced IFN-γ 
production (P = 0.0194) (Fig.  4L). Furthermore, Fig.  4M 
shows that TEX cells did not differentiate into TPEX 
cells. These results imply that TPEX cells recovered their 
ability to perform effector functions, but they were not 
affected by immune-suppressive substances like IL-10. 
IL-2 could make it more difficult to reinvigorate TEX 
cells.

Exhausted CD8+T‑cell subsets displayed unique TCR 
reactivity and profound alterations in metabolism
The analysis of pathways involved in TPEX cells and TEX 
cells from NOD mice revealed a significant enrichment 
of genes associated with the peptide-binding pathway 
(Fig.  5A). The TPEX cells exhibited a more varied TCR 
repertoire than the TEX cells, according to the exami-
nation of TCR repertoires (Fig.  5B). The abundance of 
these clones was higher in TEX cells compared to TPEX 
cells (Fig. 5C). TPEX cells had a higher number of clono-
types, making up the most dominant 10% of repertoires 
(Fig.  5D). Additionally, we used the Chao1 estimator of 
richness, which quantifies the number of distinct TCR 
specificities, to estimate diversity. In the analysis of the 
TCRβ repertoire, the Chao1 index was decreased in TEX 
cells compared to TPEX cells (Fig.  5E). Interestingly, 
we observed that IGRP206–214 antigen-specific stimula-
tion induced more total exhausted CD8+ T cells than 
anti-CD3 stimulation. IGRP206–214 stimulation resulted 
in more TEX cells than anti-CD3 stimulation, while 
anti-CD3 stimulation led to an increase in TPEX cells 
(Fig. 5F). Our results suggest that antigen-specific immu-
notherapy may induce more durable immune tolerance 
by increasing both total exhausted CD8+ T cells and TEX 
cells.

Recent findings from murine tumor models indicate 
that when exhausted T cells infiltrate the tumor micro-
environment (TME), they undergo substantial metabolic 
changes, leading to metabolic dysfunction [56]. Strik-
ingly, glucose uptake was significantly decreased in total 
exhausted CD8+ T cells compared to effector CD8+ T 
cells (Additional file  3: Fig. S3A). TPEX cells in lymph 
nodes exhibited a significantly increase in glucose uptake 
compared to TEX cells (Additional file 3: Fig. S3A). How-
ever, there was no significant difference in glucose uptake 
between the two subsets in the spleen (Fig. 5G). The lipid 
content (Bodipy 493) was significantly different between 
exhausted and effector CD8+ T cells, but not between the 
two subsets of exhausted CD8+ T cells (Additional file 3: 

Fig. S3B, Fig.  5H). MitoTracker green (MTG) labeling 
revealed that TEX cells and total exhausted CD8+ T cells 
had a greater mitochondrial mass (P < 0.0001) (Additional 
file 3: Fig. S3C, Fig. 5I). In the lymph nodes and spleen, 
TEX cells displayed a markedly decreased mitochondrial 
membrane potential (MTR) (P = 0.0029), which per-
sisted even after MTR was normalized to the mitochon-
drial mass (P < 0.0001) (MTR/MTG ratio), suggesting 
persistent mitochondrial dysfunction (Additional file  3: 
Fig. S3D-E, Fig. 5I). TEX cells expressed higher levels of 
the scavenger receptor CD36, which is essential for the 
uptake of fatty acids (P < 0.0001) (Fig. 5J, Additional file 3: 
Fig. S2J-K).

Transmission electron microscopy confirmed that 
although TEX cells had more mitochondria (P < 0.0001), 
these mitochondria had undergone significant morpho-
logical alterations, including fewer cristae (P < 0.0001) 
and a tendency toward shorter cristae (P < 0.0001) 
(Fig. 5K). TPEX cells and total exhausted CD8+ T cells in 
the lymph nodes expressed more cytochrome c proteins 
(Additional file  3: Fig. S3F). No significant differences 
were observed in CytoC protein levels between exhausted 
CD8+ T cells and their subsets in the spleens (Additional 
file 3: Fig. S3F, Fig. 5L). We found that exhausted CD8+ 
T lymphocytes in the lymph nodes and spleen did not 
exhibit a significant increase in ATP5O (Fig.  5M, Addi-
tional file 3: Fig. S3G). Moreover, we examined the level 
of mitochondrial ROS in exhausted CD8+ T cells. Both 
total exhausted CD8+ T cells and TPEX cells exhibited a 
much higher concentration of mitochondrial superoxide 
(P < 0.0001)(Additional file 3: Fig. S3H, Fig. 5N).

Lrrk2 plays a role to alter the phosphorylation of Drp1‑Ser637 
and initiates mitochondrial fission
T-cell exhaustion is associated with mitochondrial dys-
function [57]. In our analysis, we observed a significant 
enrichment of genes associated with the mitochondria-
associated endoplasmic reticulum membranes (MAMs) 
pathway (Fig.  3H). MAMs are involved in various cel-
lular processes, including ER stress, mitophagy, mito-
chondrial dynamics, and Ca2⁺ exchange [58, 59]. The 
flux of repeated fusion and fission events of the orga-
nelles balances the dynamic networks formed by mito-
chondria in the cell [60]. Dynamin-related protein 1 
(Drp1) is a crucial mediator of mitochondrial fission 
and maintaining integrity of the mitochondrial net-
work [61]. We screened the gene expression associ-
ated with the formation of MAMs in RNA-seq. The 
mRNA expression of dynamin 1 like (Dnm1l) was not 
increased significantly in TPEX cells compared with 
TEX cells (Fig. 6A). We predicted a primary interaction 
network between Dnm1l and leucine-rich repeat kinase 
2 (Lrrk2) using the STRING database (Fig.  6B). The 
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expression of Lrrk2 was low in TPEX cells but high in 
TEX cells (P = 0.0007; Fig. 6A). Phosphorylation at two 
important serines has conflicting effects that quickly 
regulate Drp1 activity [62]. Drp1 activity is increased 

when serine 616 (Drp1-Ser616) is phosphorylated, and 
decreased when serine 637 (Drp1-Ser637) is phospho-
rylated. Therefore, we speculated that whether Lrrk2 
can influence mitochondrial fission by regulating the 

Fig. 5  Alterations in TCR repertoires, glucose, fatty acids, and mitochondrial metabolism in exhausted CD8+ T cell subsets. A GSEA examining 
the enrichment of genes associated with peptide-binding signaling in exhausted CD8+ T cell subsets in NOD mice. B TCR Diversity within the TPEX 
and TEX cells in NOD mice. Data from three samples of five mice each mixed are shown. C The proportions of the hype expanded frequent TCR β 
clonotype, the large frequent, the medium frequent, the small frequent, and the rare clonotypes are shown for TPEX and TEX populations. D The 
clonotypes occupying the most dominant 10% of repertoire within the TPEX and TEX cells. E Boxplot of Chao1 indices for TPEX and TEX cells. F 
CD8+ T cells isolated from NY8.3 mice and treated for 72 h with either IGRP206–214 (10 µmol/L) or CD3 (1 µg/ml) and CD28 (2 µg/ml) (n = 5/group). 
Total exhausted CD8+ T cells, TPEX, and TEX cells were measured by flow cytometry after stimulation. G 2-NBDG (n = 9/group), H Bodipy 493 (n = 9 /
group), I MTG, MTR, and normalized ΔΨm (MTR/MTG ratio) (n = 10/group), and J CD36 expression of TPEX and TEX populations in NOD mice (n = 10/
group). K Electron micrographs showing the randomly chosen mitochondrial ultra-structures of sorted TPEX and TEX cells in NOD mice (n = 24/
group). ImageJ was used to quantify the number of mitochondria per cell, the number of cristae within mitochondria, and the total cristae length 
normalized to the mitochondrial surface area. The analyzer and at least ten randomly chosen cells in each group were blinded to the identity 
of the samples. L Cytoc, M ATP5O, and N MitoSOX red expression of TPEX and TEX populations in NOD mice. *P < 0.05, **P < 0.01, ****P < 0.0001. 
Mann–Whitney test (D–N). Scale bars, 500 μm. Data represent three independent experiments
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phosphorylation of Drp1. The expression of MAM-
associated genes, including Dnm1l, did not change in 
response to either overexpression of the Lrrk2 gene 
(P < 0.0001) or a subsequent knockdown of the over-
expressed Lrrk2 (P = 0.0013) in 293 T cells (Fig. 6C,D). 
Increased expression of Lrrk2 can promote the phos-
phorylation of Drp1-Ser637 while inhibiting the 
phosphorylation of Drp1-Ser616 (Fig.  6E). Addition-
ally, following Lrrk2 overexpression and subsequent 
knockdown, the phosphorylation of Drp1-Ser616 was 
elevated compared to the control group, but the phos-
phorylation of Drp1-Ser637 was significantly reduced 
in 293 T cells (Fig. 6E). Furthermore, we isolated TPEX 
cells and TEX cells from NY8.3 mice. In contrast to 
TPEX cells, TEX cells showed reduced phosphorylation 
at Ser616 and elevated phosphorylation at the Ser637 
site of Drp1, as well as increased expression of Lrrk2 
(Fig. 6F). Therefore, phosphorylation of Drp1 may reg-
ulate the interconversion of two subsets of exhausted 

T cells. Mdivi-1, a mitochondrial division inhibitor, 
mainly prevented Drp1 from functioning by inhibit-
ing the phosphorylation of Drp1 at the Ser616 site [63]. 
In the anti-CD3 stimulation group, treatment with 
Mdivi-1 led to a decrease in DRP1 phosphorylation at 
Ser616, accompanied by a significant increase in phos-
phorylation at Ser637. Conversely, in the IGRP206–214 
stimulation group, Mdivi-1 reduced DRP1 phospho-
rylation at Ser616 without causing a notable change in 
phosphorylation at Ser637 (Fig. 6G).

It has been demonstrated that using mitochondrial 
uncouplers to induce mitochondrial damage in addition 
to TCR stimulation significantly increases the propor-
tion of depolarized mitochondria [56]. Treatment with 
Mdivi-1 with or without oligomycin and antimycin A 
(OA) supported the notion that it promotes the devel-
opment of total exhausted CD8+ T-cells in response to 
both anti-CD3 and IGRP206–214 stimulation (Additional 
file 3: Fig. S4A). Furthermore, OA and Mdivi-1 treatment 

Fig. 6  Lrrk2 plays a role to alter the phosphorylation statu triggers mitochondrial fission (n = 3/group). A Sorted TPEX and TEX cells obtained 
from 16-week-old non-diabetic NOD mice were examined using qPCR to determine the expression of Dnm1l and Lrrk2. B Interaction network 
depicting between Dnm1l and Lrrk2 using the STRING database. C The Lrrk2 plasmid was used to transfect the 293 T cells. Cells were lysed for qPCR 
analyses. D The Lrrk2 plasmid was used to transfect the 293 T cells, followed by knockdown. Cells were lysed for qPCR analyses. E The 293 T cells 
were transfected with Lrrk2 plasmid or were transfected with Lrrk2 plasmid, followed by knockdown. Cells were lysed for immunoblotting analyses. 
F Western blot analysis was used to determine the protein expression in sorted TPEX and TEX cells that were separated from 8-week-old NY8.3 mice. 
G Sorted PD-1+CD8+ T cells in NY8.3 mice aged 6–8 weeks, stimulated them with anti-CD3 and anti-CD28 or IGRP206–214 for 3 days, with or without 
the Midiv-1. Collected the cells and analyzed using Western blotting. ***P < 0.001, ****P < 0.0001. Mann–Whitney test (A, C,D). Data represent two 
independent experiments
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effectively increased the formation of TEX cells under 
both IGRP206–214 and anti-CD3 stimulation (Additional 
file 3: Fig. S4B). Additionally, our results show that oligo-
mycin and antimycin A together with Mdivi-1, decreased 
effector cytokines in TEX cells but not in TPEX cells 
(Additional file 3: Fig. S4C-D).

Blockade of Mitochondrial fission improved 
the immunotherapy efficacy of anti‑CD3 mAb by inducing 
more TEX cells
It has been reported that treatment with anti-CD3 
mAb can delay the progression of β-cell dysfunction in 
patients with recent-onset clinical T1D [32]. Our find-
ings indicate that antigen-specific immunotherapy may 
promote longer-lasting immune tolerance by boosting 
the presence of total exhausted CD8+ T cells and TEX 
cells. We next conducted experiments to evaluate the 
effects of IGRP206–214 and anti-CD3mAb on the prolif-
eration of exhausted CD8+ T-cell subsets. In NOD SCID 
mice, we adoptively transferred effector CD8+ T cells 
derived from NY8.3 mice (Fig. 7A). On day 5, the group 
treated with IGRP206–214 exhibited a significantly higher 
proportion of total CD8+ T cell (P = 0.0013) (Fig.  7B). 
The IGRP206–214-treated group induced more TEX cells 
(P = 0.0022) while the anti-CD3 mAb-treated group 
mainly induced TPEX cells (P = 0.0043) (Fig.  7B). On 
day 15, the IGRP206–214-treated group had a higher pro-
portion of TEX cells (P < 0.0001) and a lower proportion 
of TPEX cells (P < 0.0001) compared to the anti-CD3 
mAb-treated group (Fig. 7C). Additionally, we observed 
the immunotherapy effects by treating NY8.3 mice with 
anti-CD3mAb and IGRP206–214 (Fig.  7D). Compared to 
the NY8.3 mice treated with anti-CD3mAb, those treated 
with IGRP206–214 significantly delayed the onset of diabe-
tes (P = 0.0284) (Fig. 7E) and improved insulitis (Fig. 7F). 
One week after treatment, CD8+ T cells were separated 
and single-cell RNA sequencing (scRNA-seq) was used 
to observe whether the subsets of exhausted T cells were 
different.

Single‑cell transcriptomic landscape of anti‑CD3 mAb 
and IGRP immunotherapy
By applying uniform manifold approximation and pro-
jection (UMAP) for unsupervised clustering, we identi-
fied six distinct T cell populations. The group treated 
with anti-CD3 mAb mainly produced more TPEX cells, 
naïve T cells, and a small amount of TEX cells, while 
the IGRP206–214-treated group was primarily composed 
of naïve T cells, TEX cells, and TEFF cells (Fig.  8A). In 
the anti-CD3 mAb-treated group, TPEX cells were iden-
tified by a combination of memory-related molecules 
(Ccr7, Id3, Tcf7, Slamf6, and Sell) and exhaustion marker 
(Pdcd1). In contrast, the IGRP206–214-treated group 

showed a progressive upregulation of terminal exhaus-
tion markers, including Pdcd1, Lag3, Nr4a2, and Havcr2 
(encoding for Tim-3) (Fig.  8B). The activation, signal 
transduction, and proliferation functions of TCR in CD8+ 
T cells persisted at a high level in naïve T cells and TPEX 
cells following anti-CD3 mAb treatment; however, these 
activities were dramatically reduced in the IGRP206–214 
group (Fig.  8C). In the IGRP206–214-treated group, 
although the T-cell signaling pathway was predomi-
nantly expressed in TEFF cells, these cells were notably 
enriched in apoptosis and immune negative regulation 
signaling pathways, exhibiting a terminally differentiated 
T-cell state compared to the anti-CD3mAb-treated group 
(Additional file  3: Fig. S5A). Additionally, compared to 
the anti-CD3 mAb treatment group, the IGRP206–214 
group exhibited decreased activation, proliferation, 
migration, and co-stimulatory signals in various CD8+ T 
cells, especially TEX cells, while endogenous and mito-
chondrial apoptotic signals were increased (Additional 
file  3: Fig. S5B). Monocle pseudotime analysis further 
corroborated the transitions from TPEX cells to the TEX 
cells in anti-CD3mAb treatment and IGRP206–214 treat-
ment (Fig. 8D). These might be the reason for achieving 
better overall therapeutic efficacy after IGRP206–214 treat-
ment. To illustrate the distinct subcellular interactions 
between groups treated with IGRP206–214 and anti-CD3 
mAb, we utilized the CellCall tool to investigate cell–cell 
communication. Contrary to the other two groups, the 
IGRP206–214-treated group showed a significant decrease 
in intercellular crosstalk events (Fig.  8E). Compared to 
the anti-CD3mAb-treated group, the IGRP206–214-treated 
group demonstrated a heightened interaction between 
TEX cells and other subsets (Additional file 3: Fig. S5C). 
We observed more inhibitory signal interactions between 
proliferative T cells, naïve T cells, and effector T cells 
with other cells in the IGRP206–214-treated group than in 
the anti-CD3 mAb-treated group by visualizing ligand-
receptor pairs involved in cell communication (THY1-
ADGRE5, SELL-SELPLG, SPN-ICAM1, DHCR7-NR1H2 
axis) (Fig.  8F). Additionally, within both the TPEX and 
TEX cell subsets, the IGRP206–214-treated group showed 
elevated levels of inhibitory and apoptotic signals com-
pared to the anti-CD3 mAb-treated group (Additional 
file 3: Fig. S5D).

Combination of anti‑CD3 mAb and OA and Mdivi‑1 (OAM) 
improves the immunotherapy outcomes in NOD mice
Therefore, we took advantage of OA and Mdivi-1 to 
determine whether combination anti-CD3mAb treat-
ment could induce more TEX cells to delay the pro-
gression of autoimmune diabetes. We used IGRP206–214 
continuous stimulation to mimic the immune tolerance 
induced by antigen-specific stimulation in  vitro. After 
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Fig. 7  Anti-CD3 mAb and IGRP therapy delays the autoimmune progression of T1D. A Experimental design for adoptive transfer studies. NOD 
SCID mice aged 8–10 weeks underwent an adoptive transfer of CD8+CD44+PD-1− T cells derived from NY8.3 mice aged 6–8 weeks. The recipient 
mice were treated with either 20 µg of IGRP206–214 per nostril daily for three consecutive days or 10 µg of anti-CD3 monoclonal antibody (mAb) 
daily for 5 days. On days 5 and 15 post-treatment, the mice were sacrificed. Quantitative analysis and flow cytometry data of total exhausted CD8+ 
T cells, as well as TPEX and TEX cells were collected on days 5 (B) (n = 6/group) and 15 (C) (n = 6/group). D Experimental design for NY8.3 mice 
immunotherapy studies. Four-week-old female NY8.3 mice (n = 16/group) were treated with 10 mg anti-CD3mAb or 20 µg IGRP206–214 per nostril 
daily for 3 days. Mice were sacrificed at day 40 after treatment. E The prevalence of diabetes during the course of treatment in NY8.3 mice. F At day 
40, the percentage of pancreatic islets exhibiting the specified histological scores in “non-diabetic” mice from D was measured. For insulitis, ten 
pieces per pancreas were blindly scored. (0 = no infiltrate, 1 = 0–25%, 2 = 25–75%, 3 ≥ 75%). White bars, 0; light grey bars, 1; dark grey bars, 2; black 
bars, 3. Representative pictures of the islets at day 40 “non-diabetic” mice from D. Mann–Whitney test (B,C); one-way ANOVA (E). Scale bars, 50 μm
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overnight stimulation with IGRP206–214 and IL-2, CD8+ 
T cells derived from NY8.3 mice were separated and 
cleaned for analysis under five distinct circumstances. 
Cells were either cocultured with IGRP206–214 and IL-2 
(“continuous” activation) or expanded with IL-2 (activa-
tion) for 5  days. The media was changed frequently to 
avoid nutritional depletion. This post-activation expan-
sion was carried out in the presence of OAM, anti-CD3 
mAb, or a combination of both in round-bottomed 
plates (Additional file  3: Fig. S6A). Short-term or con-
tinuous IGRP206–214 stimulation alone increased the 
production of total CD8+exhausted T cells (Additional 
file  3: Fig. S6B-C). Combined continuous IGRP206–214 
stimulation and OAM did not result in an expansion of 
total exhausted T cells and their subsets compared with 
short stimulation or continuous IGRP206–214 stimulation 
alone (Additional file 3: Fig. S6B-E). The combination of 
anti-CD3 mAb and OAM significantly increased total 
exhausted T cells and TEX cells compared with treat-
ment with anti-CD3mAb alone (Additional file  3: Fig. 
S6B-E). The anti-CD3 mAb-treated group significantly 
inhibited the secretion of IFN-γ by TPEX cells with or 
without OAM, and had no effect on TNF-α in TPEX cells 
(Additional file 3: Fig. S6F-H). Anti-CD3 mAb treatment 
combined with OAM significantly limited polyfunctional 
cytokine production by TEX cells (Additional file 3: Fig. 
S6I-K).

To explore whether the blocking of mitochondrial fis-
sion promote the efficacy of anti-CD3 mAb immunother-
apy, we administered IGRP206–214, anti-CD3 mAb and a 
combination of anti-CD3 mAb and OAM to 4-week-old 
female NY8.3 mice (Fig. 9A). By day 60 after treatment, 
all of the mice in the control group had developed dia-
betes (Fig.  9B). Conversely, during the course of treat-
ment, none of the IGRP206–214 groups had the onset of 
diabetes (Fig.  9B). Moreover, the combination of anti-
CD3 mAb and OAM delayed diabetes and reduced 
islet inflammatory infiltration more significantly than 
anti-CD3 mAb alone (P = 0.0426 (Fig.  9B,C). Compared 
to control mice, treatment with IGRP206–214 led to a sig-
nificant increase in the levels of both total CD8+ T cells 
and TEX cells  (Fig.  9D). Mice treated with anti-CD3 
mAb and OAM exhibited a notably elevated number of 
total CD8+ T cells (P < 0.0001) and TEX cells (P = 0.0057) 

compared to those receiving anti-CD3 mAb treatment 
alone (Fig.  9D). Next, we evaluated whether combining 
anti-CD3 mAb and OAM improved rates of hypergly-
cemia reversal in NY8.3 mice with new-onset diabetes 
(Fig. 9E). Conversely, continuous administration of anti-
CD3 mAb alone normalized hyperglycemia in only 25.0% 
of mice (4/16). The combination of anti-CD3 mAb with 
OAM significantly increased the rate of hyperglycemia 
reversal, achieving a 75.0% success rate in treated NY8.3 
mice (n = 12/16) (Fig. 9F). In line with these results, the 
combination therapy showed less invasive insulitis than 
the anti-CD3 mAb alone (Fig. 9G). Thirty days after the 
commencement of treatment, the diabetic mice were 
euthanized, and their pancreata were examined using 
immunohistochemistry. Mice that were protected with 
combination therapy exhibited a significantly higher 
percentage of islets with reduced islet invasion com-
pared to those protected with anti-CD3 monoclonal 
antibody (mAb) alone (Fig.  9G). Mice that underwent 
combination therapy displayed an elevated number of 
total CD8+ exhausted T cells (P = 0.0212) and TEX cells 
(P < 0.0001) than animals that received anti-CD3 mAb 
alone, according to an analysis of lymph nodes from mice 
that were protected 30  days after starting of treatment 
(Fig.  9H,I). The proportion of TEX cells after combina-
tion therapy reached the level of TEX cells that showed 
IGRP206–214-induced antigen-specific immune tolerance 
(Fig. 9H,I).

Combining anti‑CD3 mAb with OAM induced T‑cell 
exhaustion in PBMCs from T1D patients
We next investigated whether combining anti-CD3 mAb 
and OAM could be beneficial for immunotherapy in 
T1D patients. Notably, in T1D patients, TEX cells exhib-
ited a greater mitochondrial mass compare to TPEX 
cells, as seen by MTG labeling (P = 0.0163) (Fig. 10A,B). 
Even after ΔΨm was normalized to the mitochondrial 
mass (MTR/MTG ratio), TPEX cells displayed a sig-
nificantly higher MTR (ΔΨm) compared to TEX cells 
in healthy controls (P = 0.0218) (Fig.  10A,B). Addition-
ally, in line with the findings in mice (Figure S4B-D), 
we found that OAM treatment enhanced the formation 
of total exhausted CD8+ T cells (P = 0.0020) and TEX 
cells (P = 0.0429) decreased their production of effector 

Fig. 8  Single-cell RNA sequencing was performed on CD8+ T cells from Four-week-old NY8.3 mice 7 days after they were treated 
with anti-CD3mAb and IGRP206–214. n = 2 biologically independent samples. A tSNE clusters of cells from the scRNA-seq. B Dot plot examination 
of specific markers that reflect TPEX and TEX cell subsets; dot size and color intensity indicated the percentage of cells expressing the gene 
and the z-score mean expression, respectively. C Normalized signaling pathway expression projected onto UMAP clusters. D Slingshot analysis 
was used to predict developmental trajectories. Color-coding of cells was based on pseudotime. E Cellcell communication analysis by Cellcall. F 
Bubble plots showed ligand-receptor pairs of different CD8+T cell subsets in different treated groups

(See figure on next page.)
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Fig. 8  (See legend on previous page.)
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cytokines compared to OA treatment (Fig. 10C–E). These 
findings suggest that altering mitochondrial fitness may 
strengthen the exhaustion program in T cells in  vitro. 
Furthermore, compared to anti-CD3 mAb alone, the 
combined therapy demonstrated higher percentages of 
total CD8+ exhausted T cells (P = 0.0006) and TEX cells 
(P < 0.0001) (Fig. 10F).

Discussion
Our study explores the diversity of two distinct 
exhausted CD8+ T-cell subsets in T1D, revealing dis-
tinct clinical characteristics, phenotypes, and functions. 
TCR-sequence and transcriptomic-sequence analyses of 
these subsets in NOD mice uncovered significant differ-
ences in TCR reactivity and metabolic pathways. Both 
antigen-specific and non-antigen-specific stimuli were 
found to generate unique exhausted CD8+ T-cell subsets. 
We identified Lrrk2 as a regulator of mitochondrial fis-
sion, influencing the interconversion of exhausted T-cell 
subsets through phosphorylation of Drp1 at Ser637 and 
Ser616. Blocking mitochondrial fission with Mdivi-1 was 
observed to enhance the effectiveness of anti-CD3 mAb 
immunotherapy by promoting the generation of more 
terminally exhausted T-cells.

Immunotherapies have become a promising therapeu-
tic strategy for T1D. However, previous researches have 
shown that not all T1D patients respond uniformly to 
these treatments. It is plausible that CD8+ T cell exhaus-
tion plays a key role in modulating immune responses 
against islet β-cells. A recent study suggests that a greater 
number of exhausted CD8+ T cells may help to slow the 
progression of β-cell loss [29]. Our research also dem-
onstrated that TEX cells confer protective benefits in 
T1D but are incapable of differentiating into effector T 
cells. TPEX cells, which represent an intermediate stage 
of T cell differentiation, have the potential to develop 
into either TEX cells or effector T cells. Thus, it is sug-
gested that TPEX cells could be unstable and pathogenic. 

Supporting this hypothesis, we demonstrated that T1D 
patients have much fewer total exhausted CD8+ T cells 
and TEX cells but more TPEX cells. Targeting TPEX cells 
is therefore important. Furthermore, our findings in both 
humans and mice indicated that effector CD8+ T cells 
secrete cytokines at lower levels compared to exhausted 
CD8+ T cells (data not shown). Similarly, converting 
mouse TPEX cells into effector T cells yielded equivalent 
results, which are consistent with the fact that exhausted 
CD8+ T cells can lead to infections and tumors [22]. This 
result might be related to their effective exercise of killing 
target cells ex vivo.

T cell exhaustion results from a variety of signals, 
including sustained antigen exposure [64]. The principal 
cytotoxic CD8+ T cells in TME are TEX cells, which have 
a brief lifespan, while TPEX cells have a longer lifespan 
and less cytotoxicity [65]. Studies suggest that intense 
activation of the TCR can lead to terminal exhaustion in 
tumors for CD8+ T cells, whereas weaker TCR signals 
may sustain a less mature phenotype [66]. Our research 
shows that in T1D patients with rapid progression, expo-
sure to a greater variety and potency of antigens increases 
TEX cells. Conversely, in the natural course of T1D, 
exposure to self-antigens may lead to more TPEX cells 
than TEX cells. Identifying the characteristics and mech-
anisms of distinct exhausted CD8+ T subsets in patients 
at different stages of T1D could significantly influence 
the effectiveness of immunotherapy. Our study reveals 
that TPEX cells are the main subset responsible for the 
increased proliferation in T1D. Interestingly, we found 
that their presence is inversely associated with the effec-
tiveness of anti-CD3 mAb therapy. These results imply 
that TPEX cells have a major impact on T1D therapy 
outcomes. Therefore, it is crucial to elucidate the mecha-
nisms governing TPEX cell formation and persistence for 
developing durable immunotherapies for T1D.

Indeed, evidence suggests that the induction of 
exhausted T cells in T1D is linked to a positive response 

(See figure on next page.)
Fig. 9  Blocking mitochondrial fission enhances the efficacy of anti-CD3 mAb immunotherapy in autoimmune diabetic mice. A Experimental 
design for NY8.3 mice immunotherapy studies. Four-week-old female NY8.3 mice (n = 16/group) were treated with 10 µg anti-CD3mAb or 10 µg 
anti-CD3mAb in combination with O/A/M every day for 5 days or 20 µg IGRP206–214 per nostril daily for 3 days. Mice were sacrificed at day 60 
after treatment. B The prevalence of diabetes in NY8.3 mice during the course of treatment. C At day 60, the percentage of pancreatic islets 
exhibiting the specified histological scores in “non-diabetic” mice from A was measured. Representative pictures of the islets at day 60 “non-diabetic” 
mice from A. Scale bars, 50 μm. D TPEX, TEX, and total exhausted CD8+ T cells produced on day 60 were quantified and shown in flow cytograms 
(n = 8/group). E Experimental design for diabetic NY8.3 mice immunotherapy studies. Diabetic female NY8.3 mice (n = 16/group) were treated 
with 10 µg anti-CD3mAb or 10 µg anti-CD3mAb in combination with O/A/M every day for 5 days or 20 µg IGRP206–214 per nostril daily for 3 days. 
Mice were sacrificed at day 30 after treatment. F The diabetes remission in diabetic NY8.3 mice after treatment. G On day 30, the percentage 
of pancreatic islets exhibiting the relevant histological score was measured in “non-diabetic” mice from E. Representative pictures of the islets 
at day 30 “non-diabetic” mice from E. H, I total exhausted CD8+ T cells, TPEX, and TEX cells produced on day 30 were quantified and shown in flow 
cytograms (n = 8/group). For insulitis, ten pieces per pancreas were blindly scored. (0 = no infiltrate, 1 = 0–25%, 2 = 25–75%, 3 ≥ 75%). White bars, 
0; light grey bars, 1; dark grey bars, 2; black bars, 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA (B, D, F, I). Data represent two 
independent experiments. Scale bars, 50 μm
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to anti-CD3 mAb treatment [31]. Conversely, the revitali-
zation of exhausted T cells following immune checkpoint 
receptor blockade has been implicated in the develop-
ment of T1D in cancer patients [67, 68]. Although mono-
clonal antibody immunotherapy for T1D can improve 

islet function, most patients will ultimately experience 
disease progression. We demonstrated a notable dif-
ference between TPEX and TEX cells in their response 
to immunotherapy. We showed for the first time that 
antigen-specific immune tolerance primarily induces 

Fig. 9  (See legend on previous page.)
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more TEX cells. Monoclonal antibody therapy may not 
induce long-term tolerance due to the induction of more 
TPEX cells capable of reversing into effector T cells. The 
significance of mitochondrial dysfunction in human dis-
eases is gaining broader recognition, as it is often associ-
ated with increased fragmentation of the mitochondrial 
network [69]. Mitochondrial homeostasis and energy 

metabolism are critical for controlling T cell function [25, 
70, 71]. We found that subsets of exhausted T cells dis-
played markedly distinct genes encoding specific mito-
chondrial proteins. The mitochondrial function of TPEX 
cells is influenced by Drp1-dependent mitochondrial fis-
sion. The primary pro-fission protein, Drp1, has carefully 
controlled activity to remove damaged mitochondria by 

Fig. 10  Combining anti-CD3 mAb and OAM induces TEX cell in T1D patients. MFI variations of ATP5O, CytoC in anti-CD3 unstimulated 
and stimulated overnight in exhausted and non-exhausted CD8+ T cells or TPEX and TEX cells from PBMCs in T1D patients respectively. MTG, 
MTR, and normalized ΔΨm (MTR/MTG ratio) in TPEX and TEX cells from PBMCs in controls (A) and T1D patients (B) respectively. C Flow cytograms 
and analysis of total exhausted CD8+ T cells, TPEX, and TEX cells generated with O/A, Mdivi-1, or O/A/M. Analysis of IFN-γ and TNF-α generated 
in TPEX cells (D) and TEX (E) cells with O/A, Mdivi-1, or O/A/M in T1D patients. F Flow cytograms and analysis of total exhausted CD8+ T cells, 
TPEX, and TEX cells generated with anti-CD3mAb, or a combination of anti-CD3mAb and O/A/M in T1D patients. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. Mann Whitney test (A,B); one-way ANOVA (C–F). Data represent two independent experiments
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mitophagy. With cycles of fusion and fission, mitochon-
dria are extremely active organelles that can change their 
shape, distribution, and function [69]. Treatment with 
oligomycin, antimycin, and Mdivi-1 has shown promising 
potential for the treatment of various diseases, although 
these compounds remain at an experimental stage [72–
75]. For our experiment, we selected a primary in  vivo 
dosing regimen based on protocols from other disease 
models. Our study primarily demonstrated the efficacy of 
these drugs, with no significant adverse effects observed 
in the mouse tissues. The optimal dosage will be further 
evaluated in subsequent research. However, the efficacy 
of the combined anti-CD3 mAb and mdivi-1 treatment 
has not been validated in patients. Randomized con-
trolled trials (RCTs) are necessary to further validate 
these findings.

Conclusions
Our findings highlight that subsets of exhausted T cells 
exhibit distinct phenotypes and functional profiles in 
T1D. The varying therapeutic outcomes from different 
immunotherapeutic approaches are likely attributed to 
the induction of specific exhausted T cell subsets. Our 
data suggest a novel immunotherapeutic strategy focused 
on modulating the energy metabolism of exhausted 
CD8+ T cells, providing new insights to advance clinical 
immunotherapy in T1D.
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