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SUMMARY
Corona Virus Disease 2019 (COVID-19) and diabetes interact to influence disease severity, yet their combined
immunological characteristics remain unclear. Here, we analyzed Tim-3+ T cells in patients with COVID-19,
Type 1 Diabetes (T1D), or both conditions. COVID-19 reduced peripheral T cell subsets but increased Tim-3+
cells, while T1D and COVID-19 with T1D showed the opposite pattern. Patients with Type 2 Diabetes (T2D)
exhibited no significant alterations. In human samples and mouse models, Tim-3+ T cells demonstrated
impaired activation and cytokine production. RNA-seq analysis in mice and RT-PCR analysis in human sam-
ples together identified the dysregulation of the JAK-STAT pathway in Tim-3+ T cells. These findings highlight
Tim-3-mediated JAK-STAT dysregulation in T-cells as a potential mechanism linking COVID-19 and T1D, of-
fering insights for therapeutic targeting.
INTRODUCTION

Corona Virus Disease 2019 (COVID-19), caused by Severe Acute

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), was rapidly

spread worldwide and led to a significant global incidence and

mortality rate.1,2 Diabetes is a common chronic disease charac-

terized by persistently high blood glucose levels. Prolonged and

chronic hyperglycemia could lead to damage in multiple tissues

and organs, as well as acute and chronic complications, impact-

ing human health and increasing the burden on society’s health-

care system, making it one of the important public health issues

faced by China and the world.3 Unlike the immune imbalance

caused by exogenous antigens in COVID-19, T1D (Type 1 dia-

betes) is a chronic autoimmune disease characterized by the pro-

gressive destruction of pancreatic beta cells, while T2D (type 2

diabetes) is a chronic systemic metabolic disorder caused by a

long-term combination of genetic and environmental factors.4,5

Despite the differing pathogenesis, diabetes is closely associ-

ated with COVID-19, as it is highly prevalent in patients with

COVID-19 and is related to increased risks of severe COVID-

19 and mortality.6 Statistics show that during the first year of

the COVID-19 pandemic, the incidence of T1D in children aged
iScience 28, 112339,
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0–14 in Romania increased significantly by 16.9%, from 11.4

per 100,000 in 2019 to 13.3 per 100,000 in 2020.7 The incidence

of T2D in the United States has significantly increased from the

range of 10.6–14.6 per 100,000 population before the COVID-

19 pandemic to 16.9 per 100,000 population in the first quarter

of 2020.8 The increased susceptibility to diabetes in patients

with COVID-19 could be attributed to various complex and inter-

connected factors, including the accelerated occurrence of un-

diagnosed diabetes due to lifestyle changes, stress-induced hy-

perglycemia, damage to pancreatic beta cells caused by

cytokine storms, and delayed recovery of beta cell damage

due to the administration of steroids during hospitalization.6–9

In contrast, the existence of diabetes might also promote the

occurrence and development of COVID-19. A high glucose envi-

ronment may alter the metabolic state of monocytes, potentially

weakening their antiviral defense mechanisms.10,11

The adaptive immune system, including CD4+ and CD8+T

cells, plays a critical role in defending against pathogens and

regulating self-immunity. Imbalance in T cell response is a key

factor in the pathogenesis of diseases such as COVID-19 and

type 1 diabetes. Immune checkpoints are a class of molecules

that maintain self-immune tolerance and regulate the duration
May 16, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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and magnitude of peripheral tissue immune responses.12–14

T cell immunoglobulin and mucin domain-containing protein 3

(Tim-3), encoded by the human gene HAVCR2, is a member of

the Tim family and is involved in immune regulation.15 Consid-

ered as an exhaustion marker for T cells, Tim-3 is primarily ex-

pressed in terminally differentiated CD4+T cells such as Th1

cells, Th17 cells, Treg cells, and CD8+T cells such as type 1

CD8+T cells (Tc1), as well as in other immune-related cells

such as B cells, dendritic cells, mast cells.16–20

Tim-3 has been suggested to be involved in the pathogenesis

of both COVID-19 and diabetes.21–23 In COVID-19, Tim-3 is

associated with disease severity, and changes in Tim-3+

T cells have also been observed in the peripheral blood of pa-

tients with T1D.24,25 Research suggests that a high-glucose

environment can directly promote SARS-CoV-2 replication and

cytokine expression, making patients with uncontrolled blood

glucose levels more susceptible to severe COVID-19.10 In dia-

betic nephropathy, Tim-3 is considered a key regulatory factor

in renal inflammation.26 A retrospective study on COVID-19

treatment found that thymosin alpha 1 (Ta1) reduced Tim-3

expression on CD8+ T cells in patients with COVID-19.27

Recent studies have identified Tim-3 as a marker of T cell

exhaustion.28 However, Tim-3+CD8+ T cells with a distinct termi-

nally exhausted phenotype, expressing granzyme, perforin, and

IFN-g, have also been observed in the bone marrow tumor

microenvironment.29 More recent research has highlighted

increased Tim-3 expression on T cells in COVID-19, associating

this increase with T cell exhaustion. Nevertheless, the regulatory

mechanisms of Tim-3+ T cells in COVID-19 and diabetes still

require further investigation.

In this study, we evaluated changes in peripheral blood

lymphocyte subsets and Tim-3+ T cells in patients with

COVID-19 and diabetes. We assessed the functional state of

Tim-3+ T cells in both mouse models and healthy human

PBMCs. Using RNA-seq, we observed the downregulation of

the JAK/STAT pathway in mouse Tim-3+ T cells and identified

reduced expression levels of JAK/STAT pathway-related genes

in Tim-3+ T cells from patients with COVID-19 and T1D. Our

study characterizes immunoregulatory mechanisms of Tim-3+

T cells in COVID-19 and diabetes, suggesting potential implica-

tions for disease diagnosis and treatment.

RESULTS

Demographic and clinical characteristics of different
disease subgroups
The clinical information and laboratory data for the healthy control,

patients with COVID-19 with different severities, patients with

different types of diabetes (T1D and T2D), and patients with

COVID-19 with different diabetes (COVID-19 with T1D and

COVID-19with T2D)were shown in Tables 1, 2, and 3. Themedian

ages for each group were as follows: 48.4 years for healthy con-

trols, 67.5 years for mild to moderate COVID-19 cases, 71.3 years

for severe COVID-19 cases, 36.1 years for patients with T1D, and

58.5 years for patients with T2D. Among patients with COVID-19

with diabetes, the median age was 48.1 years for those with

T1D and 66 years for those with T2D. In our analysis, we ac-

counted for disease onset characteristics and used analysis of
2 iScience 28, 112339, May 16, 2025
covariance (ANCOVA) to adjust for the impact of age. Table 1

shows the demographic and clinical data for the healthy control

group and patients with COVID-19 (mild-to-moderate COVID-19

and severe COVID-19). The results indicate that alanine amino-

transferase (ALT) and aspartate aminotransferase (AST) levels in

patients with COVID-19 were significantly higher than those in

the healthy control group. Additionally, the percentage of lympho-

cytes in patients with severe COVID-19 was significantly lower

than in the healthy control group, while the percentage of neutro-

phils and D-dimer levels were significantly higher. Table 2 shows

the demographic and clinical data for the healthy control group

and patients with diabetes (T1D and T2D). The results indicate

that both patients with T1D and T2D had significantly higher fast-

ing blood glucose and glycated hemoglobin levels compared to

the healthy control group. Additionally, the percentage of mono-

cytes in patients with T1D was significantly higher than in patients

with T2D, and the low-density lipoprotein cholesterol levels were

significantly higher than those in the healthy control group. Table 3

shows the demographic and clinical data for patientswith COVID-

19 alone and those with COVID-19 combined with different types

of diabetes (COVID-19 with T1D and COVID-19 with T2D). The

low-density lipoprotein cholesterol levels in patients with

COVID-19 and T1D were significantly higher than in those with

COVID-19 and T2D. The fasting blood glucose levels in patients

withCOVID-19 and T2Dwere significantly higher than those in pa-

tients with COVID-19 alone. Both glycated hemoglobin levels in

patients with COVID-19 and T1D and those with COVID-19 and

T2D were significantly higher than in patients with COVID-19

alone. Additionally, the blood urea nitrogen levels in patients

withCOVID-19 and T2Dwere significantly higher than those in pa-

tients with COVID-19 alone.

IMMUNOLOGICAL CHARACTERISTICS OF DIFFERENT
DISEASE SUBGROUPS

We investigated the changes in peripheral T and B lymphocyte

subsets among healthy controls, patients with mild-to-moderate

COVID-19, and patients with severe COVID-19 (Figure 1A). As

shown in Figure 1, compared to the healthy control group, pa-

tients with COVID-19 exhibited a significant decrease in

CD4+T cells and CD8+ T cells, with this alteration being particu-

larly pronounced in patients with severe COVID-19 (Figure 1B).

There were no significant changes in memory T cells and naive

T cells among patients with severe mild-to-moderate and severe

COVID-19 (Figure S1A). In comparison to both the healthy con-

trol group and patients with severe COVID-19, patients with

mild-to-moderate COVID-19 showed a significant decrease in

CD19+B cells. Patients with COVID-19 exhibited a trend of

increased antibody-secreting cells (ASCs), while memory B cells

showed no significant changes (Figures S2A and S2C). The cell

count statistics indicate that the T cell subset counts in patients

with COVID-19 have significantly decreased compared to

healthy controls (Figure S3).

We assessed the proportions of peripheral T lymphocyte sub-

sets in patients with T1D, patients with T2D, and healthy controls

(Figure 1A). The results indicated a significant increase in the fre-

quencies of CD4+ andCD8+T cells in patientswith T1D compared

to healthy controls and patients with T2D (Figure 1C). We further



Table 1. Characteristics of healthy control and patients with COVID-19 with different severities recruited into the study

Characteristics Healthy control Mild/Moderate COVID-19 Severe COVID-19 p value between groups

Number 36 24 18

Age (year) 48.4 ± 18.9 67.5 ± 17.5 71.3 ± 7.8

Male (n,%) 13(36.1%) 10(41.7%) 11(61.1%) 0.13

Leukocyte count (3109/L) 7.2 ± 3.0 6.4 ± 2.0 8.6 ± 2.9 0.05

Hemoglobin (g/L) 120.5 ± 21.5 117.4 ± 20.34 122.6 ± 18.2 0.77

Erythrocyte count (31012/L) 4.2 ± 0.6 3.9 ± 0.8 4.0 ± 0.6 0.51

Platelet count (3109/L) 223.6 ± 62.2 250.4 ± 119.2 274.1 ± 77.4 0.25

Neutrophil count (3109/L) 3.8 ± 3.2 2.0 ± 2.9 2.9 ± 3.7 0.19

Neutrophil percentage (%) 65.7 ± 8.7 70.7 ± 9.5 76.3 ± 15.4# 0.015*

Lymphocyte count (3109/L) 1.7 ± 0.6 1.4 ± 0.6 1.3 ± 1.1 0.08

Lymphocyte percentage (%) 26.0 ± 7.7 20.4 ± 8.9 15.0 ± 13.6## 0.004**

Monocyte count (3109/L) 0.4 ± 0.2 0.5 ± 0.3 0.7 ± 0.7 0.07

Monocyte percentage (%) 6.4 ± 2.0 7.5 ± 3.5 7.0 ± 3.8 0.52

PCT (ng/mL) 0.026 ± 0.016 0.2 ± 0.4 0.3 ± 0.4 0.50

CRP (mg/L) 1.4 ± 1.2 22.1 ± 31.4 37.8 ± 47.9 0.10

IL-6 (pg/mL) 3.3 ± 2.0 4.3 ± 3.3 18.4 ± 16.9 0.034*

D-dimer (mg/mL) 0.4 ± 0.2 0.8 ± 0.7 1.5 ± 1.4## 0.013*

TG (mmol/L) 1.3 ± 0.8 1.5 ± 1.0 1.7 ± 1.1 0.46

TC (mmol/L) 4.2 ± 1.0 4.1 ± 1.0 4.3 ± 0.5 0.70

HDL-C (mmol/L) 1.1 ± 0.4 1.1 ± 0.3 0.9 ± 0.2 0.28

LDL-C (mmol/L) 2.7 ± 0.9 2.5 ± 0.9 2.9 ± 0.5 0.41

ALT (U/L) 18.0 ± 10.3 31.7 ± 19.9# 37.0 ± 23.1## 0.005**

AST (U/L) 19.0 ± 7.2 30.0 ± 16.5# 35.0 ± 14.6## <0.001***

TBIL (mmol/L) 8.5 ± 3.0 9.3 ± 4.0 9.5 ± 4.2 0.72

DBIL (mmol/L) 3.1 ± 1.2 3.7 ± 2.2 3.9 ± 2.1 0.35

CR (mmol/L) 63.7 ± 16.2 75.4 ± 31.9 83.9 ± 43.4 0.10

25-hydroxyl-VitaminD (nmol/L) 48.4 ± 16.4 47.1 ± 18.3 36.1 ± 9.5 0.18

HbA1c (%) 5.7 ± 0.6 6.0 ± 0.3 6.1 ± 0.6 0.33

FBG (mmol/L) 4.9 ± 1.1 5.1 ± 1.0 5.5 ± 0.8 0.49

Data are expressed as the mean ± standard deviation for qualitative data.

PCT, procalcitonin; ESR, erythrocyte sedimentation rate; CRP means C-reactive protein.

TG, triglyceride; TC, total cholesterol; HDL-C, high density lipid-cholesterol; LDL-C, low density lipid-cholesterol; ALT, alanine aminotransferase; AST,

aspartate transaminase; TBIL, total bilirubin; DBIL, conjugated bilirubin; CR, creatinine; FBG, fasting blood glucose.

Differences between groups: *p < 0.05, **p < 0.01, ***p < 0.001.

In comparison with healthy control: #p < 0.05, ##p < 0.01.
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investigated the proportions of peripheral blood lymphocyte sub-

sets in patientswith pureCOVID-19 and thosewith combinedT1D

or T2D (Figure 1A). The results showed that patients with COVID-

19 combined with T1D had a higher frequency of CD4+T cell sub-

sets than both pure patients with COVID-19 and patients with

COVID-19 combined with T2D (Figure 1D). Additionally, patients

with COVID-19 combined with T1D exhibited a higher frequency

of CD8+T cell subsets compared to those with COVID-19 com-

bined with T2D (Figure 1D).

FREQUENCY OF TIM-3+T CELLS IN DIFFERENT
DISEASE SUBGROUPS

We further analyzed the proportions of Tim-3+T cells in various

subsets in the peripheral blood of healthy controls, patients
with mild-to-moderate and severe COVID-19(Figure 2A). The re-

sults revealed that compared to the HC group, patients with

COVID-19 showed a significant increase in the proportions of

Tim-3+CD4+T cells and Tim-3+memory CD4+T cells, while

Tim-3+naive CD4+T cells were significantly increased only in pa-

tients with mild-to-moderate COVID-19 (Figure 2B). The propor-

tions of Tim-3+CD8+T cells, Tim-3+memory CD8+ T cells, and

Tim-3+naive CD8+T cells were all significantly increased in pa-

tients with COVID-19 compared to the HC group (Figure 2C).

Furthermore, we observed a significant increase in the propor-

tion of Tim-3+CD19+B cells in patients with mild-to-moderate

COVID-19, while Tim-3+ASCs cells were significantly decreased

(Figures S2B and S2D).

We analyzed the proportions of Tim-3+T lymphocyte subsets

in peripheral blood among healthy controls, patients with T1D,
iScience 28, 112339, May 16, 2025 3



Table 2. Characteristics of healthy control and patients with different types of diabetes recruited into the study

Characteristics Healthy Control T1D T2D p value between groups

Number 36 10 35

Age (year) 48.4 ± 18.9 36.1 ± 11.2 58.5 ± 12.9

Male (n, %) 13(36.1%) 7(70.0%) 16(45.7%) 0.08

HbA1c (%) 5.7 ± 0.6 9.8 ± 3.2### 9.2 ± 2.7### <0.001***

FBG (mmol/L) 4.9 ± 1.1 8.4 ± 3.1# 9.1 ± 4.0### <0.001***

Leukocyte count (3109/L) 7.2 ± 3.0 5.8 ± 1.9 7.5 ± 2.8 0.326

Hemoglobin (g/L) 120.5 ± 21.5 127.4 ± 23.5 122.9 ± 19.9 0.711

Erythrocyte count (31012/L) 4.2 ± 0.6 4.2 ± 0.8 4.1 ± 0.7 0.926

Platelet count (3109/L) 223.6 ± 62.2 210.6 ± 77.7 237.3 ± 77.2 0.610

Neutrophil count (3109/L) 3.8 ± 3.2 2.9 ± 2.3 3.7 ± 2.5 0.717

Neutrophil percentage (%) 65.7 ± 8.7 64.8 ± 5.6 69.8 ± 11.2 0.203

Lymphocyte count (3109/L) 1.7 ± 0.6 1.5 ± 0.5 1.6 ± 0.7 0.528

Lymphocyte percentage (%) 26.0 ± 7.7 26.0 ± 5.4 23.0 ± 10.3 0.402

Monocyte count (3109/L) 0.4 ± 0.2 0.4 ± 0.1 0.4 ± 0.2 0.88

Monocyte percentage (%) 6.4 ± 2.0 7.5 ± 1.6 5.7 ± 1.5+ 0.039*

CRP (mg/L) 1.4 ± 1.2 2.9 ± 2.3 4.0 ± 4.0 0.223

D-dimer (mg/mL) 0.4 ± 0.2 0.4 ± 0.3 0.8 ± 0.9 0.149

TG (mmol/L) 1.3 ± 0.8 1.8 ± 1.3 1.9 ± 1.2 0.130

TC (mmol/L) 4.2 ± 1.0 5.1 ± 1.5 4.8 ± 1.2 0.099

HDL-C (mmol/L) 1.1 ± 0.4 0.9 ± 0.3 1.0 ± 0.3 0.228

LDL-C (mmol/L) 2.7 ± 0.9 3.8 ± 1.5# 3.1 ± 0.9 0.034*

ALT (U/L) 18.0 ± 10.3 24.1 ± 9.92 31.0 ± 25.2 0.060

AST (U/L) 19.0 ± 7.2 22.0 ± 8.9 23.8 ± 15.3 0.356

TBIL (mmol/L) 8.5 ± 3.0 10.7 ± 2.5 9.4 ± 3.3 0.248

DBIL (mmol/L) 3.1 ± 1.2 3.4 ± 0.8 3.3 ± 1.4 0.777

CR (mmol/L) 63.7 ± 16.2 67.9 ± 9.5 83.5 ± 51.5 0.116

UA (mmol/L) 265.3 ± 116.1 267.2 ± 82.4 317.7 ± 141.1 0.238

25-hydroxyl-VitaminD (nmol/L) 48.4 ± 16.4 37.4 ± 8.4 46.3 ± 18.6 0.279

Data are expressed as the mean ± standard deviation for qualitative data.

PCT, procalcitonin; ESR, erythrocyte sedimentation rate; CRP means C-reactive protein.

TG, triglyceride; TC, total cholesterol; HDL-C, high density lipid-cholesterol; LDL-C, low density lipid-cholesterol; ALT, alanine aminotransferase; AST,

aspartate transaminase; TBIL, total bilirubin; DBIL, conjugated bilirubin; CR, creatinine; UA, uric acid; FBG, fasting blood glucose.

Differences between groups: *p < 0.05, ***p < 0.001.

In comparison with healthy control: #p < 0.05, ###p < 0.001.
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and T2D (Figure 3A). The results showed that patients with T1D

had significantly lower proportions of Tim-3+CD4+ and CD8+T

cells, with no significant differences found in memory T cells

and naive T cells (Figures 3B and 3C). Patients with T2D ex-

hibited a higher proportion of Tim-3+naive CD8+T cells

compared to the healthy control group (Figure 3C).

Wealsoanalyzed theproportions of Tim-3+lymphocyte subsets

in peripheral blood among patients with COVID-19 and patients

with COVID-19 combinedwith T1D or T2D (Figure 4A). The results

showed that in patients with COVID-19 combined with T1D, the

proportions of Tim-3+CD4+T cells were lower than in patients

with COVID-19 (Figure 4B). Additionally, compared to patients

with COVID-19 combinedwith T2D, patients with COVID-19 com-

bined with T1D had decreased proportions of Tim-3+CD8+T cells

(Figure 4C). No other significant differences were found. In CD4

and CD8+ T cells, we also observed an increase in the co-expres-

sion of inhibitory receptors with Tim-3 (Figures S5B–S5D).
4 iScience 28, 112339, May 16, 2025
FUNCTIONAL STATUSOFCD4+ ANDCD8+Tim+ TCELLS

Then, we compared the proliferation, activation, and cytokine

secretion abilities of Tim-3+ T cells and Tim-3- T cells in mice.

To increase the proportion of Tim-3+ T cells, we cultured mouse

spleen cells for 3 days under stimulation with anti-CD3, anti-

CD28, and IL-12. Cells were then collected for flow cytometry

analysis. Functional experiments in mice showed that, compared

to Tim-3- CD4+ T cells, a lower proportion of Tim-3+ CD4+ T cells

expressed CD25, CD69, and Ki-67 (Figures 5A and 5B). However,

a higher proportion of Tim-3+ CD4+ T cells produced IFN-g and

TNF-a (Figure 5C). Similar findings were observed in the mouse

CD8+ T cell subset, where Tim-3+ CD8+ T cells showed a lower

proportion of cells expressing CD25, CD69, and Ki-67

(Figures 6A and 6B), while a higher proportion of cells produced

granzyme B (GZMB), TNF-a, and IFN-g (Figure 6C). We observed

consistent results in healthy individuals (Figure S5A).



Table 3. Characteristics of patients with COVID-19 alone and patients with COVID-19 with different types of diabetes recruited into

the study

Characteristics COVID-19 alone COVID-19 with T1D COVID-19 with T2D p value between groups

Number 42 11 52

Age (years) 69.1 ± 14.3 48.1 ± 18.9 66.0 ± 15.1

Male (n,%) 21(50.0%) 9(81.8%) 35(67.3%) 0.2

Leukocyte count (3109/L) 7.3 ± 2.6 9.4 ± 4.1 7.7 ± 3.4 0.2

Hemoglobin (g/L) 119.5 ± 19.4 124.3 ± 20.2 111.7 ± 26.1 0.178

Erythrocyte count (31012/L) 4.0 ± 0.7 4.1 ± 0.8 3.8 ± 0.8 0.477

Platelet count (3109/L) 260.0 ± 103.5 245.3 ± 74.2 229.7 ± 112.7 0.475

Neutrophil count (3109/L) 2.4 ± 3.2 5.6 ± 5.3 4.2 ± 3.9 0.035*

Neutrophil percentage (%) 73.0 ± 12.3 73.8 ± 12.6 74.7 ± 13.5 0.844

Lymphocyte count (3109/L) 1.3 ± 0.8 1.4 ± 0.7 1.2 ± 0.7 0.689

Lymphocyte percentage (%) 18.2 ± 11.2 18.2 ± 10.6 18.0 ± 11.8 0.995

Monocyte count (3109/L) 0.6 ± 0.5 0.6 ± 0.2 0.4 ± 0.2 0.13

Monocyte percentage (%) 7.3 ± 3.6 6.6 ± 2.4 5.8 ± 1.7 0.053

Lactic acid (mmol/L) 2.8 ± 1.3 2.2 ± 0.5 2.6 ± 0.7 0.486

CRP (mg/L) 29.3 ± 39.7 35.4 ± 41.6 32.8 ± 37.8 0.917

IL-6 (ng/mL) 12.8 ± 14.4 35.2 ± 22.7 29.1 ± 33.2 0.198

D-dimer (mg/mL) 1.1 ± 1.1 1.3 ± 1.5 1.2 ± 0.9 0.842

TG (mmol/L) 1.6 ± 1.0 2.0 ± 1.8 1.9 ± 1.8 0.656

HDL-C (mmol/L) 1.0 ± 0.3 1.0 ± 0.3 0.9 ± 0.3 0.221

LDL-C (mmol/L) 2.7 ± 0.8 3.3 ± 1.4 2.3 ± 0.9+ 0.015*

ALT (U/L) 34.0 ± 21.1 36.4 ± 35.0 33.6 ± 27.4 0.951

AST (U/L) 32.1 ± 15.7 35.0 ± 34.4 32.4 ± 11.8 0.903

TBIL (mmol/L) 9.4 ± 4.0 10.0 ± 5.2 10.6 ± 6.8 0.657

DBIL (mmol/L) 3.8 ± 2.1 4.5 ± 3.6 4.6 ± 3.2 0.471

BUN (mmol/L) 4.9 ± 1.7 5.9 ± 2.3 10.2 ± 7.7## 0.007**

UA (mmol/L) 222.2 ± 111.9 256.5 ± 151.2 292.8 ± 104.2 0.052

25-hydroxyl-VitaminD (nmol/L) 43.3 ± 16.5 50.7 ± 20.9 45.5 ± 18.8 0.636

HbA1c (%) 6.0 ± 0.4 9.7 ± 2.6#### 8.5 ± 1.7### <0.0001****

FBG (mmol/L) 5.3 ± 0.9 8.1 ± 3.3 9.6 ± 4.3## 0.003**

Data are expressed as the mean ± standard deviation for qualitative data.

PCT, procalcitonin; ESR, erythrocyte sedimentation rate; CRP means C-reactive protein.

TG, triglyceride; TC, total cholesterol; HDL-C, high density lipid-cholesterol; LDL-C, low density lipid-cholesterol; ALT, alanine aminotransferase; AST,

aspartate transaminase; TBIL, total bilirubin; DBIL, conjugated bilirubin; CR, creatinine; UA, uric acid; FBG, fasting blood glucose.

Differences between groups: *p < 0.05, **p < 0.01, ****p < 0.0001.

In comparison with patients with COVID-19 alone: ##p < 0.01, ###p < 0.001, ####p < 0.0001.
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DOWNREGULATION OF THE JAK/STAT SIGNAL
PATHWAY IN MOUSE TIM-3+ T CELLS

We continued to explore the molecular mechanisms of Tim-3+T

cells. We performed RNA-seq analysis of differentially ex-

pressed genes by sortingmouse Tim-3+T cells and Tim-3-T cells

using flow cytometry. We recognized 185 up-regulated genes

and 332 down-regulated genes as the differentially expressed

genes (Figure 7A). Gene Ontology (GO) analysis revealed that

the genes relating to ‘‘immune response’’ and ‘‘immune system

process’’ were enriched in the Tim-3+T cells, compared with

the Tim-3-T cells (Figure 7B). Kyoto Encyclopedia of Genes

and Genomes (KEGG) analysis showed that ‘‘JAK-STAT

signaling pathway’’ was enriched in theTim-3+T cells (Figure 7C).
Further analysis revealed that genes in the JAK-STAT signaling

pathway were significantly downregulated in Tim-3+T cells.

Additionally, our results showed that Ifng and Gzmb

genes were significantly upregulated in Tim-3+CD4+ T cells

(Figure 7D).

DOWNREGULATION OF THE JAK/STAT SIGNAL
PATHWAY IN TIM-3+ T CELLS UNDER DISEASE
CONDITIONS

To better study the function of Tim-3+ T cells in an exhausted

state, we used an in vitro model of chronic T cell stimulation as

described by Mirko Corselli et al.,30 along with the NOD mouse

disease model. In which mouse spleen cells were continuously
iScience 28, 112339, May 16, 2025 5



Figure 1. Proportions of various T cell sub-

sets in the peripheral blood of healthy con-

trols, patients with COVID-19, and diabetes

(A) Flow cytometry plots representing the pro-

portions of CD4+T cell subsets and CD8+T cell

subsets in the peripheral blood of healthy controls

and patients with COVID-19 with different sever-

ities. T1D, T2D, and COVID-19 with T1D or T2D.

(B) Bar graphs representing the proportions of

CD4+T cell subsets and CD8+T cell subsets in the

peripheral blood of healthy controls and patients

with COVID-19 with different severities. (36

healthy controls, 24 mild-to-moderate COVID-19

cases, 18 severe COVID-19 cases).

(C) Bar graphs representing the proportions of

CD4+T cell subsets and CD8+T cell subsets in the

peripheral blood of HC, T1D, and T2D. (36 healthy

controls, 10 patients with T1D, 35 patients with

T2D ).

(D) Bar graphs representing the proportions of

CD4+T cell subsets and CD8+T cell subsets in the

peripheral blood of COVID-19 alone, COVID-19

with T1D, andCOVID-19with T2D. (42 patientswith

COVID-19 alone, 11 patients with COVID-19 with

T1D, 52 patients with COVID-19 with T2D).

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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stimulatedwith IL-2 and aCD3/CD28 for 14days to induce chronic

stimulation. Cells were collected on days 0, 3, 7, and 14 for flow

cytometry analysis. We analyzed the expression levels of Tim-3

on CD3+ T cells at each time point, and results showed that the

percentage of Tim-3+ T cells gradually increased over time (Fig-

ure 8A). Since Tim-3 expression on T cells was low on day 0, we

focused on analyzing the functional state of Tim-3+ T cells on

days 3, 7, and 14 of stimulation. We found that after 7 and

14 days of stimulation, Tim-3+ T cells showed impaired activation,

proliferation, and cytokine secretion capacity (Figure 8B). In NOD

mice with spontaneous diabetes, we found that, compared to

Tim-3- T cells, Tim-3+ T cells exhibit inhibited activation, prolifer-

ation, and cytokine expression (Figure 8C). In CD3+Tim-3+ T cells
6 iScience 28, 112339, May 16, 2025
from NOD mice, we found reduced

expression levels of JAK/STAT pathway-

related genes through RT-qPCR

(Figure 8D).

We also measured the mRNA expres-

sion levels of JAK/STAT pathway-related

genes in circulating Tim-3+ T cells from

healthy controls (HC), patients with

COVID-19, patients with type 1 diabetes

(T1D), and patients with both COVID-19

and T1D. The results showed that,

compared to Tim-3- T cells, the expres-

sion levels of JAK-STAT pathway-related

genes JAK1, STAT1, and STAT2 were

reduced in Tim-3+ T cells from HC,

COVID-19, T1D, and COVID-19 with pa-

tients with T1D (Figure 8E). We also

measured the expression levels of IFN-g,

TNF-a, and GZMB in Tim-3+ T cells from
healthy controls (HC), patients with COVID-19, patients with T1D

, and patients with both COVID-19 and T1D. The results showed

increased expression levels of IFN-g, TNF-a, and GZMB in Tim-

3+ T cells from healthy controls, whereas in Tim-3+ T cells from

COVID-19, T1D, and COVID-19 with patients with T1D, the

expression levels of IFN-g, TNF-a, and GZMB were reduced

(Figure 8F).

DISCUSSION

In this study, we evaluated changes in peripheral blood lympho-

cytes of patients with COVID-19 and diabetes and further

analyzed the proportion of Tim-3+T cells. We found an increased



Figure 2. Increased frequency of Tim-3+T cell subsets in COVID-19 with different severities

(A) Flow cytometry was performed to detect the proportions of Tim-3+CD4+T and CD8+T in the peripheral blood of healthy controls and patients with COVID-19

with different severities.

(B and C) Statistical analysis of Tim-3+CD4+T cell and CD8+T cell subsets from Healthy Control (n = 36), patients with mild-to-moderate COVID-19 (n = 24),

patients with severe COVID-19 (n = 18). (*p < 0.05, **p < 0.01).
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proportion of Tim-3+T cells in patients with COVID-19, while a

significant decrease was observed in patients with T1D . Addi-

tionally, the proportion of Tim-3+T cells in patients with both

COVID-19 and T1D also decreased. Our analysis characterizes

Tim-3+ T cell alterations in patients with concurrent COVID-19

and diabetes. Additionally, we found that Tim-3+ T cells

exhibit inhibited proliferation and activation, along with altered

cytokine secretion. Through mouse RNA-seq analysis, we

identified the JAK/STAT pathway, which may be associated

with the role of Tim-3+ T cells in immune regulation. We also

observed reduced expression levels of JAK/STAT pathway-

related genes in Tim-3+ T cells from both healthy individuals

and patients. In summary, our study provides mechanistic in-
sights into the immunoregulatory role of Tim-3+ T cells in

COVID-19 and T1D.

T cell exhaustion is a state of T cell dysfunction characterized

by impaired effector function, sustained expression of inhibitory

receptors, and transcriptional states distinct from functional

effector or memory T cells.31,32 Our findings expand on the

research by Avery et al.,33 who suggested that Tim-3 might pro-

mote T cell exhaustion by limiting the memory T cell pool and

enhancing the production of activated and short-lived effector

cells. These pieces of evidence reflect the complexity of Tim-

3-mediated immune regulation. A deeper investigation into the

functional impairment of various peripheral blood T cells in pa-

tients with COVID-19 and diabetes is of great significance.
iScience 28, 112339, May 16, 2025 7



Figure 3. Decreased frequency of Tim-3+T cell subsets in HC, T1D and T2D

(A) Flow cytometry was performed to detect the proportions of Tim-3+CD4+T and CD8+T in the peripheral blood of healthy controls, T1D and T2D.

(B and C) Statistical analysis of Tim-3+CD4+T cell and CD8+T cell subsets from Healthy Control (n = 36), patients with T1D (n = 10), patients with T2D (n = 35).

(*p < 0.05).
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As a highly contagious disease, COVID-19 has rapidly spread

and contributed to the epidemic status of non-communicable

diseases such as diabetes. Likewise, diabetes also impacts

the occurrence and prognosis of COVID-19, indicating a close

interplay between these two diseases. However, the immuno-

logical mechanisms underlying the co-occurrence of these two

diseases are still poorly understood. Our study examined the fre-

quencies of lymphocyte subsets and Tim-3+ T cells in peripheral

blood from patients with COVID-19 with different diabetes sub-

types. Compared to patients solely infected with COVID-19,

those with combined T1D and COVID-19 showed a significant

increase in CD4+T cells and a slight increase in CD8+T cells.

However, the Tim-3+CD4+T cell subset exhibited a significant

decrease, while the decrease in the Tim-3+CD8+T cell subset

was not significant. A recent study found higher Tim-3+CD4+T

cells in patients with T1D during the remission phase compared
8 iScience 28, 112339, May 16, 2025
with progression. The decreased Tim-3+T cells in patients with

T1D suggests insufficient immune regulation, which might be

involved in the pathogenesis of T1D.21 In the context of T1D,

we observed a decrease in Tim-3+ T cells in patients with

COVID-19, which may lead to excessive T cell activation,

contributing to T cell immune dysregulation and promoting the

generation of autoimmune T cells alongside other factors. How-

ever, these autoimmune T cells do not exhibit antiviral activity.

Previous studies have reported that Tim-3+T cells can pro-

duce higher levels of pro-inflammatory cytokines such as IFN-

g and TNF-a.34–36 There are also studies reporting reduced

levels of pro-inflammatory cytokines. In our in vitro study simu-

lating the chronic stimulation of T cells, we observed that, during

the early phase of stimulation, Tim-3+ T cells exhibited impaired

activation and proliferation alongside increased cytokine

expression. However, as stimulation time was extended, we



Figure 4. Decreased frequency of Tim-3+T cell subsets in patients with COVID-19, patients with COVID-19 with T1D or T2D

(A) Flow cytometry was performed to detect the proportions of Tim-3+CD4+T and CD8+T in the peripheral blood of patients with COVID-19, patients with COVID-

19 with T1D or T2D.

(B and C) Statistical analysis of Tim-3+CD4+T cell and CD8+T cell subsets from patients with COVID-19 (n = 42), patients with COVID-19 with T1D (n = 11),

patients with COVID-19 with T2D (n = 52). (*p < 0.05).
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noted a decrease in cytokine expression in Tim-3+ T cells.

Furthermore, we discovered that in NOD mice, the activation,

proliferation, and cytokine expression of Tim-3+ T cells were all

suppressed. Although the early phase of the model may not fully

reflect the functional state of Tim-3+ T cells in disease condi-

tions, our initial findings of impaired activation and proliferation

in Tim-3+ T cells are consistent with observations in disease

states, suggesting that the early stimulation phase provides valu-

able insights for research.

In this study, we propose that the functional changes in Tim-

3+T cells may be related to the JAK/STAT signaling pathway.

Our RNA-seq analysis revealed a significant enrichment of the

JAK/STAT signaling pathway in Tim-3+T cells, with genes in
the JAK/STAT pathway significantly downregulated in Tim-3+T

cells. The JAK-STAT signaling pathway is an evolutionarily

conserved signaling mode that enables cells to communicate

with the external environment and drives a series of physiological

and pathological processes, including cell proliferation, meta-

bolic regulation, immune response, inflammation, and tumor

occurrence.37,38 The dysregulation of the JAK/STAT pathway

is associated with various diseases.39,40 In T cells, the activation

of the JAK/STAT signaling pathway promotes cell proliferation,

differentiation, and functional expression.41,42 We found

decreased expression levels of JAK/STAT pathway-related

genes in Tim-3+ T cells from both healthy individuals and pa-

tients. Although our RNA-seq utilized splenocytes from mice
iScience 28, 112339, May 16, 2025 9



Figure 5. In the early stages of stimulation,

mouse Tim-3+CD4+T cell subsets exhibited

low activation, low proliferation, and high

pro-inflammatory cytokine secretion ca-

pacity

(A) Flow cytometry gating and statistical analysis

were conducted to analyze the expression fre-

quency of activation markers, including CD25 and

CD69, in Tim-3+CD4+T cells and Tim-3-CD4+T

cells.

(B) Flow cytometry gating and statistical analysis

were performed to analyze the proliferation

marker Ki-67 in Tim-3+CD4+T cells and Tim-3-

CD4+T cells.

(C) Flow cytometry gating and statistical analysis

were conducted to analyze the frequency of pro-

inflammatory cytokine secretion, including IFN-g

and TNF-a, in Tim-3+CD4+T cells and Tim-3-

CD4+T cells. (n = 9, **p < 0.01, ****p < 0.0001).
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prior to stimulation and may not fully reflect the mechanisms of

Tim-3+ T cells in disease states, the observed changes in the

JAK/STAT pathway within Tim-3+ T cells hold biological signifi-

cance for their immunoregulatory role.

We observed consistent results of inhibited proliferation and

activation in Tim-3+ T cells in bothmouse and human T cell func-

tions. Although our RNA-seq analysis was conducted on early-

stimulated splenocytes from mice, we also detected the down-

regulation of JAK/STAT pathway-related gene expression in

Tim-3+ T cells from both healthy individuals and patients. This

conserved pathway may play a key role in the immunoregulatory

functions of Tim-3+ T cells.

In summary, our study identifies a Tim-3+ T cell-mediated

immunoregulatory pathway that may contribute to the
10 iScience 28, 112339, May 16, 2025
pathogenesis of COVID-19 and T1D,

providing potential implications for clin-

ical management.

Limitations of the study
Our study has several limitations. First, the

observed changes in the Tim-3+ T cell

subset were based on a relatively small

patient cohort, which may affect the

generalizability of the results. Validation

in a larger cohort is needed to strengthen

the robustness of these findings. Second,

due to the limited sample size, we could

not perform viral subtype analysis in pa-

tients with COVID-19-infected . Since

different SARS-CoV-2 subtypes may elicit

distinct immune responses, the absence

of this data limits our understanding of

Tim-3+ T cell subset dynamics. Future

studies analyzing different viral variants

could provide more detailed insights.

Importantly, our RNA-seq analysis used

cells from normal mice and identified the

downregulation of the JAK/STAT pathway
in Tim-3+ T cells, which may not fully reflect disease states. We

validated this finding via RT-qPCR in NOD mice and patients’

samples, with consistent results. This suggests a potential role

for the JAK/STAT pathway in disease progression, but its precise

function and mechanism warrant further investigation.
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Figure 6. In the early stages of stimulation,

mouse Tim-3+CD8+T cell subsets exhibited

low activation, low proliferation, and high

pro-inflammatory cytokine secretion ca-

pacity

(A) Flow cytometry gating and statistical analysis

were conducted to analyze the expression fre-

quency of activation markers, including CD25 and

CD69, in Tim-3+CD8+T cells and Tim-3-CD8+T

cells.

(B) Flow cytometry gating and statistical analysis

were performed to analyze the proliferation

marker Ki-67 in Tim-3+CD8+T cells and Tim-3-

CD8+T cells.

(C) Flow cytometry gating and statistical analysis

were conducted to analyze the frequency of pro-

inflammatory cytokine secretion, including IFN-g,

TNF-a, and Granzyme B, in Tim-3+CD8+T cells

and Tim-3-CD8+T cells. (n = 9, **p < 0.01,

***p < 0.001, ****p < 0.0001).
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Data and code availability

d All RNA-seq data have been deposited at Mendeley data (https://doi.

org/10.17632/94r6y9jb6g.1, https://doi.org/10.17632/zzf3x4gs24.1,

https://doi.org/10.17632/hpmd99x5fn.1, https://doi.org/10.17632/rc63

wxj24n.1, https://doi.org/10.17632/vhpkwzgtrm.1, https://doi.org/10.

17632/vrvzgf6z69.1, https://doi.org/10.17632/r34jcp2pbr.1).

d This study does not report any original code.
d Any additional information required to reanalyze the data reported in this

article is available from the lead contact upon request.
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Figure 7. Downregulation of the JAK/STAT Signal pathway in mouse Tim-3+T cells

(A)Thevolcanoplot illustrated thedifferentially expressedgenes inTim-3+Tcells compared toTim-3-Tcells, inwhichgenessignificantlyupregulatedwereshown in red,

genes that significantly downregulated were shown in yellow, and other genes were shown in blue. Each gene was symbol-coded according to its adjusted p value

generatedusingDESeq2withaBenjamini-Hochberg falsediscovery rate (FDR)correction.Thecutoff valueswere recognizedasadjustedp<0.05and foldchange>1.5.

(B) Functional annotation analysis with the top 20 enrichment Gene Ontology (GO) terms were shown.

(C)Signal transduction analysis with the top 10 enrichment Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.

(D) Heatmap displaying for JAK/STAT signal pathway associated genes in Tim-3+T cells compared to Tim-3-T cells.
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Figure 8. Functional and JAK/STAT Pathway

Changes in Tim-3+ TCells under disease conditions

(A) Flow cytometry plots and statistical graphs of Tim-3

expression levels on CD3+ T cells from mouse spleen

cells at different stimulation time points. (n = 6,

****p < 0.0001) (B) Statistical graphs of activation, prolifer-

ation, and cytokine levels of Tim-3+ T cells from mouse

spleen cells at different stimulation time points. (n = 6,

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) (C) Sta-

tistical graphs of activation, proliferation, and cytokine

levels in Tim-3+T and Tim-3-T cells in NOD mice. (n = 4,

Horizontal bars represent the mean ± SD. *p < 0.05,

**p < 0.01, ****p < 0.0001 by paired Student’s t test.) (D)

Quantitative real-time PCR (qPCR) analysis for JAK1,

STAT1, STAT2, IFN-g, TNF-a and GZMB expression from

CD3+Tim-3+T cells in NOD mouse (n = 4) (E) Quantitative

real-time PCR (qPCR) analysis for JAK1, STAT1 and STAT2

expression from CD3+Tim-3+T cells in Healthy control

(n = 4), COVID-19 (n = 4), patients with T1D (n = 4), and

patients with COVID-19 with T1D (n = 4).

(F) Quantitative real-time PCR (qPCR) analysis for IFN-g,

TNF-a, and GZMB expression from CD3+Tim-3+T cells in

Healthy control (n = 4), COVID-19 (n = 4), patients with T1D

(n = 4), and patients with COVID-19 with T1D (n = 4). Hori-

zontal bars represent the mean ± SD. ns, not significant,

*p< 0.05, **p < 0.01, ***p< 0.001, ****p < 0.0001 by unpaired

Student’s t test.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sample collection
All the patients involved in this study were recruited from the Second Xiangya Hospital. The study included 36 healthy controls, 24

mild-to-moderate COVID-19 patients, 18 severe COVID-19 patients, 10 patients with Type 1 diabetes (T1D), 35 patients with Type 2

diabetes (T2D), 11 COVID-19 patients with T1D, and 52 COVID-19 patients with T2D. Table S1. Participant Demographic Information

Table includes information such as the group, gender, age and ethnicity of the participants. Informed consent was provided by all

participants, and the study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University

(approval No. SQ2016YFSF110035).

COVID-19 patients were included based on the ‘‘Diagnosis and treatment protocol for COVID-19 patients (Trial Version 9)’’43

released by the National Health Commission of China and disease severity was classified as follows: (1) Mild-to-moderate

COVID-19 is defined as having a blood oxygen saturation level of no less than 93% without the need for oxygen supplementation

during hospitalization, with mild clinical symptoms and no or minimal pneumonia manifestations on imaging. (2) Severe COVID-19

is defined as meeting one of the following conditions after excluding other causes: blood oxygen saturation %93% at rest, ratio

of arterial partial pressure of oxygen (PaO2) to fractional inspired oxygen concentration (FiO2) %300mmHg, respiratory distress

with a respiratory rate R30 breaths per minute, respiratory failure requiring mechanical ventilation, presence of shock; multi-organ

dysfunction requiring admission to the intensive care unit (ICU).

Diabetes patients was included based on the diagnostic criteria published by the World Health Organization in 1999,44 and dia-

betes types were classified as follows: (1) T1D is defined as dependence on insulin therapy at disease onset, positive test results

for at least one classic islet-specific autoantibody (glutamate acid decarboxylase antibody (GADA), zinc transporter 8 antibody

(ZnT8A) or insulinoma-associated protein-2 antibody (IA-2A)), or insufficient C-peptide secretion. (2) T2D is defined as insulin resis-

tance and relativity insufficient insulin secretion, negative test results for any pancreatic islet autoantibodies, and no immediate need

for insulin treatment.

The inclusion criteria for healthy controls were as follows: Fasting blood glucose levels below 6.1 mmol/L and postprandial blood

glucose levels below 7.8 mmol/L.

The exclusion criteria were as follows: patients with other autoimmune diseases, patients with other specific types of diabetes,

patients with acute or chronic infections other than COVID-19, patients with recent trauma, surgery, or stress, patients with severe

cardiovascular, hepatic, or renal diseases; patients with allergic disorders, patients with malignant tumors, patients with recent

occurrence of acute cardiovascular events, patients with mental disorders or infectious diseases; and pregnancy or lactation.

The demographic and clinical data were collected from electronic medical records. All blood samples were collected after obtain-

ing informed consent.
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Mice
Age-matched, 8-10-week-old C57BL/6J male and female mice were used for experiments described herein. NOD mice (female,

4–6 weeks old) were purchased from HUAFUKANG Bioscience Co. (Beijing, China). Specific-pathogen-free animal facility at the

Experimental Animal Center of Central South University (Changsha, China). All animals had free access to water and food and

were group-housed under constant temperature conditions with a 12-h light-dark cycle. Mice were randomly distributed to each

experimental group. All animal experiments were conducted in accordance with the guidelines of the Institutional Animal Care

and Use Committee of Department of Laboratory Animal Science, Central South University (approval No. 20230650).

Peripheral blood mononuclear cells (PBMCs) and T cells isolation
Fresh human venous blood samples were collected on an empty stomach into EDTA test tubes and processed within 2 h. Peripheral

bloodmononuclear cells (PBMCs) were separated using standard density gradient centrifugation (Cat#10771, Sigma). Mouse spleen

cells were obtained as a single cell suspension, and purified CD4+T cells and CD8+T cells were obtained through negative selection

with CD4 (Cat#7090150, Beaver) or CD8 (Cat#130090859, Miltenyi) magnetic beads. Human CD3+Tim-3+ T cells and CD3+Tim-3-

T cells were sorted by flow cytometry from patients with HC, COVID-19, T1D, and COVID-19 with T1D.

METHOD DETAILS

Isolation of RNA
TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Cat#15596018CN) was used to harvest total RNA from the CD3+T cells, and the

RNA concentration was quantified by measuring the ultraviolet absorbance at 260 nm. Equal amounts of RNA (1mg) were converted

to complementary deoxyribonucleic acid (cDNA) with a RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific,

Cat#K1621) according to the manufacturer’s instructions.

The cytokine secretion capability and phenotype of T cell
Freshly isolated mouse spleen cells were plated in a 48-multiwell plate at the concentration of 0.5 3 105 cells/well in 500ul of com-

plete culturemedium, composed of RPIM 1640medium (Gibco) supplemented with 10%FBS (CellMax), 1%Penicillin–Streptomycin

and 1% L-glutamine. The plate was pre-coated anti-CD3 antibody (2ug/ml) and incubated 2 h before cell plating. Cells were then

cultured in the presence of anti-CD28 (5ug/ml) antibody and IL-2 (10 ng/ml) for 3 days. Cell stimulation cocktail (1mL/well) was added

to stimulate the cells. After 4–6 h of stimulation, cells were collected for flow cytometry analysis.

Flow cytometry
To detect the frequency of various T cell subsets and their Tim-3 expression levels, PBMCs were stained on the surface and intra-

cellularly with anti-human or anti-mouse mAbs. For surface staining, cells were incubated with Zombie Aqua Fixable Viability Kit

(BioLegend) in PBS for 10 min at 4�C to distinguish viable and dead cells. For non-specific binding blocking, cell were stained

with FcR reagent for mice (BioLegend Cat# 156604, RRID: AB_2783138) and human (BioLegend Cat# 422302, RRID:AB_2818986)

for 10 min at 4�C respectively. Cells were stained with surface fluorescently labeled monoclonal antibodies in D-hanks buffer

(Cat#H1040, Solarbio) supplemented with 0.5% BSA for 30 min at 4�C. For intracellular staining, after staining for surface antigens,

cells were permeablized with Fixation & Permeabilization Buffer (Cat#00552300, eBioscience). Themonoclonal antibodies are as fol-

lows: APC/Fire 750 anti-human CD4 (BioLegend Cat# 344637, RRID:AB_2572096), BV650 anti-human CD8 (BioLegend Cat#

344730, RRID:AB_2564510), eFluor450 anti-human CD45RA (Thermo Fisher Scientific Cat# 48-0458-42, RRID:AB_1272059),

BV605 anti-human CD45RO (BioLegend Cat# 304238, RRID:AB_2562153), BB700 anti-human CD19 (BD Biosciences Cat#

566396, RRID:AB_2744310), PE-CY5 anti-human CD27(BioLegend Cat# 356437, RRID:AB_2894486), BV510 anti-human

CD38(BioLegend Cat# 356612, RRID:AB_2563875), PE-CY7 anti-human CD366(Tim-3) (BioLegend Cat# 345014, RRI-

D:AB_2561720). AF700 anti-mouse CD4 (Thermo Fisher Scientific Cat# 56-0041-82, RRID:AB_493999), PE-CY7 anti-mouse

CD8a(BD Biosciences Cat# 552877, RRID:AB_394506), AF488 anti-mouse IFN-g(BioLegend,Cat#505813), APC anti-mouse

FOXP3(Thermo Fisher Scientific Cat# 17-5773-82, RRID:AB_469457), PE Dazzle594 anti-mouse GZMB(BioLegend Cat# 372216,

RRID:AB_2728383), Percp Cy5.5 anti-mouse CD69(BioLegend Cat# 104522, RRID:AB_2260065), APC anti-mouse

CD25(BioLegend Cat# 102012, RRID:AB_312861), PE anti-mouse TNF-a(BioLegend Cat# 506306, RRID:AB_315427), BV785

anti-mouse Tim-3(BioLegend Cat# 119725, RRID:AB_2716066), BV650 anti-mouse Ki-67(BioLegend Cat# 151215, RRI-

D:AB_2876504). The flow cytometry antibodies mentioned above were diluted and applied according to the optimal concentration

specified in the instruction manual. The detailed information about the antibodies is provided in the Supplementary table.

RNA-seq
Mouse spleen cells were obtained as a single cell suspension, and purified CD4+T cells and CD8+T cells were obtained through

negative selection with CD4 (Cat#7090150, Beaver) or CD8 (Cat#130090859, Miltenyi) magnetic beads. The cells were plated onto

anti-CD3 (2ug/ml) -coated 48-well plates, supplemented with and anti-CD28 (5ug/ml) and IL-2 (10ug/ml). After 3 days, these

cells were collected, stained with Zombie Aqua Fixable Viability Kit (BioLegend) and BV785 anti-mouse Tim-3 (BioLegend Cat#

119725, RRID: AB_2716066), and then sorted into Tim-3+CD4+T cells, Tim-3-CD4+T cells, Tim-3+CD8+T cells, Tim-3-CD8+T
e3 iScience 28, 112339, May 16, 2025
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cells through the flow sorting technology. After washing twice with PBS, 1mL Trizol was added to extract RNA and send for

inspection.

Quantitative real-time PCR
After PBMC preparation, the single cell suspension from human was purified to obtain CD3+Tim-3+T cells and CD3+Tim-3-T cells

through fluorescence-activated cell sorting (BD FAC SymphonyTmS6). After RNA isolation, the synthesized cDNAs were amplified

with oligonucleotides specific for JAK1, STAT1, and STAT2, which were key molecules in the signaling pathway significantly asso-

ciatedwith Tim-3 expression in the RNA-seq result. Quantitative real-time PCRwas performed on an ABI PRISMStepOne Sequence

Detection System (Applied Biosystems, Carlsbad, CA, USA).

The primers were used as follows: human-b-actin (F: CATGTACGTTGCTATCCAGGC, R: CTCCTTAATGTCACGCACGAT), human-

JAK1(F: CTTTGCCCTGTATGACGAGAAC, R: ACCTCATCCGGTAGTGGAGC), human-STAT1(F: CAGCTTGACTCAAAATTCCTGGA,

R: TGAAGATTACGCTTGCTTTTCCT), human-STAT2(F: CCAGCTTTACTCGCACAGC, R: AGCCTTGGAATCATCACTCCC).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 9 software and R 4.2.2. Data were presented as the mean ± standard

deviation (SD) of at least three independent experiments, or as the median (25th, 75th percentiles) for abnormally distributed

data. One-way ANOVA models were utilized to compare three or more independent groups. Paired t-test was employed to compare

the functional changes of Tim-3+ and Tim-3- in the same sample. Associations between the frequencies of all T cell subset and clin-

ical indicators of disease progression were evaluated with Spearman’s correlation. A p-value of 0.05 or less was considered statis-

tically significant.
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