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Abstract

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease characterized by hyperglycemia. T2DM is caused by various
etiologies. The functional expansion of pancreatic β-cells is unable to compensate for the degree of insulin resistance (IR),

resulting in a relative insulin deficiency. The onset and progression of T2DM are influenced by multiple variables, including

genetics, lipid excess, oxidative stress, and inflammation. A growing body of research suggests that the components of the

immune system are altered in T2DM. This suggests that T cell-mediated adaptive immunity stimulates inflammation and IR

through the redistribution of cytokines, chemokines, and different T cell subsets. Metabolic inflammation is a central aspect of

obesity, T2DM, and comorbidities. This review focuses on adaptive immune T cells, particularly CD4+ T cells, and examines

the roles and effects of different helper T (Th) 1, Th2, Th17, Th22, and regulatory T cells (Tregs) in T2DM. Evidence for T

cell activation and exhaustion in T2DM remains controversial and requires further investigation.

1 Introduction

Type 2 diabetes mellitus (T2DM) has become more common with the aging of the population and changing
lifestyles, and in recent years, the worldwide incidence of T2DM has risen dramatically1. Many individuals
with T2DM also have genetic variation, obesity, and decreased immune function, which increases the risk
of infections, cardiovascular disorders, and cognitive disorders. These comorbidities are the main cause of
death and disability in individuals with T2DM2,3. Firstly, genetics and environment are important factors in
the high incidence of T2DM. According to a large cohort study, mutations in endocrine-related genes(such
as Pax6, Hnf1Α, PDX1) affect the regulation of β cell development and insulin secretion and are more likely
to develop T2DM. In addition, factors such as smoking and a high-energy diet are also common risks for
T2DM4.

Overweight and obesity are positively associated with the risk of T2DM. In individuals with obesity, increased
adipocytosis promotes the release of glycerol and free fatty acids as well as macrophage infiltration. Ongoing
chronic inflammation stimulates T cell activation, which subsequently promotes the onset and development
of insulin resistance (IR)5, and IR and pancreatic β cell dysfunction frequently work together to cause
T2DM6. There is an important link between chronic inflammation, poor immune response, and insulin
resistance. These findings have prompted researchers to delve deeper into possible interactions between
insulin and T cells. However, researchers have examined the immune system in T2DM because it is an
inflammatory illness. Many people with T2DM have abnormally high levels of T-cell reactivity, which
correlates adversely with the C-peptide index7. Further, the pro-inflammatory cytokine interleukin (IL)-1β
promotes β cell apoptosis when released in response to high glucose induction8, and tumor necrosis factor
(TNF) has been found to exacerbate hyperglycemia in diabetic rats9. Further studies revealed that TNF-α
activates c-Jun amino-terminal kinases (JNKs) and inhibitor of kappa B kinase beta(IKKβ)/nuclear factor
kappa B (NF-κB) signaling10, contributing to the inactivation of insulin receptor-associated pathways. This
leads to IR upregulates inhibitor of matrix metalloproteinases in keratinocytes, and inhibits wound healing
during diabetes11. Therefore, T cell response plays an important role in promoting T2DM.
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The influence of adaptive immunity on T2DM has gained increasing attention in recent years, and re-
cent studies have indicated that the number of B -lymphocytes and CD8+ T cells are considerably higher
in individuals with T2DM, whereas the numbers of total lymphocytes and CD4+T cells are decreased12.
T2DM is characterized by an increase in inflammatory cytokines such as IFN-γ and IL-6 and a decrease
in anti-inflammatory cytokines such as IL-1013. T2DM and its complications are caused in part by chronic
inflammation owing to CD4+ T cell abnormalities. In this review, we discuss the role of different subpopu-
lations of adaptive T cells in obesity and T2DM and explore the impact of T cell status on T2DM and the
potential for immunotherapy.

2 T Cells in T2DM

Activation of the T cells is a characteristic of persistent inflammation. However, early studies on the immune
system in T2DM focused on innate immunity, particularly macrophages. In individuals with T2DM and obe-
sity, there is evidence of decreased NK cell activity14, increased neutrophil apoptosis, decreased chemotaxis
and phagocytosis, and predominance of M1-type macrophages with an inflammatory phenotype15,16, which
increases the risk of infection with tuberculosis and human immunodeficiency virus17. In addition, neutrophil
and eosinophil levels were significantly decreased in T2DM patients18, and obese mice lacking eosinophils
exhibited impaired glucose tolerance and insulin resistance19. However, increasing attention has been focused
on adaptive immunity, mainly on T cells. Adaptive immune cells mainly refer to T cells that mediate cellular
immunity and B cells that mediate humoral immunity. Functional T cell subpopulations are required for B
cell activation and development into plasma cells20,21, suggesting that T cell components may change first
in the early stage of antigen stimulation.

T-cell receptors are activated by recognizing complexes formed by CD8 with major histocompatibility com-
plex (MHC) class I molecules, and CD4 with MHC class II molecules on antigen-presenting cells (APC)21.
Depending on the cell surface differentiation antigens and their functions, CD4+ T cells and CD8+ T cells
are the two primary subsets of T lymphocytes. Mice continuously fed an HFD had a higher proportion of
CD8+ T cells in the adipose tissue, whereas CD4+ T cells and Tregs were consistently decreased, which
began to reverse after 30 weeks22. Therefore, T cell activation during obesity may be mainly characterized
by CD8 hypersecretion, after which T cells may enter a state of exhaustion. Different from T1DM, CD8+T
cells gradually accumulate in the metabolic tissues of T2DM during the progression of obesity and chronic
inflammation. CD8+T cells secrete monocyte chemoattractant protein-1 and interferon-inducible protein-10
and kill abnormal cells22. By contrast, T1DM-activated CD8+ T cells are generated by autoimmune pro-
genitor cells that target and attack insulin-producing pancreatic β cells23. CD4+ T cells are an important
regulatory factor subpopulation of T lymphocytes, and can generally be categorized into pro-inflammatory
and anti-inflammatory Th cells based on their functional characteristics and secreted cytokines (Figure 1).
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FIGURE 1 Adaptive T cell activation and subsets. Adaptive T-cell effects induce CD4 and CD8 expression
through thymocyte expansion. The T cell receptor (TCR) is activated by the recognition of complexes
formed by CD8 and major histocompatibility complex (MHC) class I and CD4 and MHC class II on antigen-
presenting cells (APC). In CD4+T cells, help T (Th)1, Th17, Th22, Th2, and regulatory T cell (Treg) release
respectively proinflammatory and anti-inflammatory cytokines to participate in the immune process.

3 Pro-inflammatory CD4+ T Cells in T2DM

3.1 Th1 Cells

Th1 cells were first identified from mice in 198624. They release mainly TNF-α and IL-225. Their activation
and repopulation are dependent on the co-stimulation of CD28 on the cell surface26, and they participate in
cellular immunity and mediate inflammatory responses. Early studies indicated increased IFN-γ secretion
by Th1 cells in the visceral adipose tissue of obese mice, leading to disruption of glucose homeostasis and
promoting IR in vivo27. Further studies have demonstrated that individuals with IR, hyperglycemia, and
dyslipidemia have significantly higher levels of Th1 cells in their peripheral blood28. IFN-γ-related immune
responses are involved in diabetic ketoacidosis, leading to a transient decline in β cell function and an
increase in disease activity29. However, there is controversy as to whether IL-2 is elevated in individuals
with T2DM30–32, suggesting that IFN-γ is a key link in the Th1-mediated immune response to obesity and
related metabolic syndromes.

Chronic IFN-γ expression mouse model (ARE-Del-/-) overlaps with upstream regulatory genes, such as

3
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toll-like receptor (TLR) 4, when mice are fed a high-fat diet (HFD). These mice also induce both innate
and adaptive immunity involved in hepatic inflammation33, suggesting that IFN-γ-mediated inflammatory
responses may crosstalk with TLR4-related inflammatory signaling. TLRs are an important class of recep-
tors involved in innate immunity and an important bridge between adaptive and innate immunity. TLR4
expression is associated with elevated IFN-γ and promotes IR in individuals with T2DM34. IFN-γ inhibits
the expression of insulin-related signaling genes, significantly reduces glucose transporter type 4 (GLUT4),
insulin receptor, and insulin substrate (IRS)-1 levels, and decreases glucose uptake. Mechanistic studies re-
vealed that IFN-γ activates the Janus kinase/signal transducer and activator of transcription (JAK/STAT)
signaling pathway to reduce insulin sensitivity and inhibit adipocyte differentiation35(Table 1). In addition,
IFN-γ promotion of adipocyte apoptosis and IR is dependent on stimulation of the T cell co-stimulatory
factor CD80 by liver kinase B1 (LKB1)36. Direct substrates of LKB1, including AMP-activated protein
kinase (AMPK), are key for maintaining metabolism and reducing oxidative stress37. Th1 activation relies
on the regulation of metabolic stress, which in turn promotes pathological metabolic states. Th1 cells have
important roles in adipose and insulin homeostasis, possibly through the secretion of IFN-γ. However, the
mechanisms associated with other Th1 cytokines involved in lipid and glucose homeostasis have not yet been
elucidated.

TABLE 1 Role of T cell subsets on T2DM proteins.

Th1 Th17 Th2 Treg

GLUT4 — 34–36 — 44 — 69 — 89

IRS — 26,34 — 44 — 67

PPAR-γ — 32,34 — 39,47 — 69 — 76,82,85

GLUT4, glucose transporter type 4; IRS, insulin substrate; PPAR-γ, peroxisome proliferator-activated re-
ceptor gamma.

3.2 Th17 Cells

Th17 cells are a new class of CD4+ T cell subpopulation involved in differentiation and development. This
cell type is strongly reliant on differentiation factors such as transforming growth factor-beta (TGF-β) or IL-
6, and transcription factors such as STAT and retinoic acid receptor-related orphan receptors (ROR)γt, and
RORα. They are mainly characterized by the secretion of IL-17, IL-22, and IL-2138. Th17 cells are involved
in intestinal inflammation in rodents39; they proliferate and worsen adipose inflammation in diet-induced
obesity in mice40, increase IL-17 and other Th17 factors in the liver41, and promote hepatic inflammation
and fibrosis42. In addition, patients with T2DM have elevated levels of IL-17 in the peripheral blood43,44.
Tissue inflammation and IR brought on by Th17 cells are linked to the development of T2DM, suggesting
that obesity-induced Th17 cell amplification plays an essential role in the crosstalk between immunity and
metabolism.

IL-6 is involved in skeletal muscle45 and adipocyte IR46, and inhibition of the IL-6/JAK2/STAT3 pathway
restores Th17 cell and regulatory T cell (Treg) homeostasis and attenuates inflammatory responses47. Fur-
ther investigation of the mechanism revealed that IL-17 promotes the expression of inflammatory cytokines
through activation of TANK-binding kinase 1 (TBK1) and I-kappa-B kinase epsilon (IKBKE)48. Activation
of NF-κB/p53/Rb signaling triggers inflammation to promote endothelial cell senescence and injury49. In-
hibition of NF-κB and STAT activation disrupts IKBKE-driven cytokine expression50. In addition, insulin
and insulin-like receptor 1 act synergistically with the inflammatory factor IL-17, together promoting the
phosphorylation of glycogen synthase kinase 3 alpha and beta51. Therefore, Th17 cells may induce a range of
metabolic disorders through secreted factors and inflammatory cells that interfere with immune homeostasis
in the fat, liver, and gut. In addition, Th17 cells inhibit the activity of kinases downstream of glycogen
synthesis and promote the onset and progression of T2DM. However, the study of Th17 on pancreatic islet
function remains unclear.
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3.3 Th22 Cells

Th22 cells are a recently identified subset of CD4+ T cells. They are named for their notable production of
IL-22, along with IL-13, IL-26, TNF-α, and granzyme B52. However, other activated T cells can also secrete
IL-22, including Th17 cells, Th1 cells, innate lymphocytes, and some non-lymphocytes53. The production
and activation of Th22 cells are dependent on the aromatic hydrocarbon receptor and are positively regulated
by IL-6 and TNF-α. IL-22 is expressed predominantly in epithelial cells and keratinocytes and is implicated
in skin homeostasis and inflammation54,55. Th22 cells are involved in promoting endothelial cell disorders56

and intestinal epithelial inflammation57 and produce corresponding inflammatory factors. This suggests that
Th22 cells exert their inflammatory effects mainly by disrupting the homeostasis of the internal and external
surface barriers of various tissues, thus damaging tissues from the outside.

Th22 cells, like other pro-inflammatory cells, have been linked to obesity and IR in recent years, providing a
foundation for the onset of T2DM. IL-22 is elevated to varying degrees in the liver, fat, and peripheral blood
of individuals with obesity and T2DM58. The levels of IFN-γ, IL-17, and IL-22 are considerably higher in
individuals with T2DM than in control individuals, with a positive connection between BMI and homeostasis
model assessment (HOMA)-IR59. An overactivated Th22 phenotype adversely correlates with residual islet-
cell function, and individuals with T2DM have higher aromatic hydrocarbon receptor gene expression, which
promotes a synchronized increase in Th22 and Th1/Th17 cell frequencies60. The majority of naive T cells
develop into Th22 cells as a result of IL-6 and TNF-α stimulation55 and are negatively regulated by IL-
10. IL-22 induces serum amyloid in a STAT-dependent manner and promotes Th17 activation to disrupt
lipid metabolism in the intestinal epithelium61,62. Although several studies have provided evidence for the
correlation between Th22 cells and inflammation, as well as IR, the role of IL-22 in the progression of obesity
and its related metabolic consequences remains a subject of debate. Further research is required to gain a
deeper understanding of this issue.

4 Anti-inflammatory CD4+ T Cells in T2DM

4.1 Th2 Cells

Unlike Th1 cells, Th2 cells mainly play an anti-inflammatory role. They were initially discovered for their
importance in warding off parasitic illnesses63. GATA binding protein 3 is a major regulatory gene for Th2
cells, producing cytokines such as IL-5, IL-10, and IL-13, and IL-4 by activating STAT5 and STAT658,63.
Antigen dose and T cell receptor-mediated signaling intensity correlate with the generation of Th1 and
Th2 cells during differentiation64, with low or moderate doses of antigen promoting a dominant Th1 cell
response and high doses of antigen favoring Th2 cell production65. IL-4 was the first stimulant identified to
be produced by M2-type macrophages66 and has an inhibitory effect on inflammation.

The proportion of IL-4 is significantly decreased in both the adipose tissue and peripheral blood of obese
mice and the reduction in IL-4 is accompanied by IFN-γ-associated aggregation of Th1 cells58,67,68. Increased
numbers of pro-inflammatory cells due to visceral adiposity and obesity are important drivers of IR and the
development of T2DM. Th2 cells maintain adipose metabolic homeostasis by secreting IL-4 and IL-13, which
induce an M2-like, anti-inflammatory state in macrophages associated with adipose tissue69. Furthermore,
CD4+ T cell transfer into lymphocyte-depleted Rag1 deleted mice with diet-induced obesity reduces weight
gain and improves insulin sensitivity, mostly owing to an increase in the proportion of Th2 cells27; however,
an equivalent effect can not be produced in mice with impaired Th2 cell development70, indicating that Th2
cells play an essential role in mitigating obesity and IR.

Similarly, in humans, individuals with overweight or obesity have reduced Th2 cells, and Th2 cells in
the visceral adiposity and peripheral blood are negatively associated with systemic IR and plasma high-
sensitivity C-reactive protein69. Mechanistically, Th2 cells enhance glucose utilization by producing IL-4
polarized macrophages, increase peroxisome proliferator-activated receptor gamma (PPARγ) driven GLUT4
expression71, and activate the mechanistic target of the rapamycin complex (mTORC)2 pathway72. In addi-
tion, IL-13 activation by JUN-STAT induces growth differentiation factor 15 expression to ameliorate poor
glucose tolerance73. Therefore, an increase in Th2 cytokines is closely linked to the classical insulin signal-
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ing pathway and macrophage polarization, which protect against disease progression by enhancing glucose
sensitivity and anti-inflammatory properties.

4.2 Tregs

Tregs are a well-established subset of CD4+ T cells that exhibit anti-inflammatory properties. They are
characterized by the expression of CD4, CD25, and FOXP3. Tregs play a crucial role in modulating the
immune response against autoimmune antigens and regulating T cell activation. They primarily secrete IL-10
and TGF-β to exert their immunomodulatory effects58,74. Tregs lack IL-6, and their differentiation is driven
by TGF-β. Tregs deplete IL-2 via the high-affinity IL-2 receptor thereby inducing cytotoxic T-lymphocyte
cadherin 4 (CTLA-4) expression, IL-10 production, and granzyme B secretion74. Tregs also decrease APC
and effector T cells74. TGF-β serves as a shared developmental factor for both Th17 cells and Tregs, with
IL-6 playing a crucial part in their differentiation process. IL-6 induces TGF-β to differentiate Th17 cells
while inhibiting Tregs production under normal conditions, exacerbating the development of inflammatory
and autoimmune diseases75. Several studies have shown that Tregs are abundant in healthy mouse adipose
tissue but drastically diminished in obese animal models76–78. IL-10 secreted by Tregs maintains adipose
tissue homeostasis by inhibiting the growth of white adipose tissue79. Tregs proliferation or over-transfer
reduces adipose inflammation and ameliorates associated metabolic syndromes80–82.

Clinical studies have found that individuals with T2DM have considerably lower levels of Tregs and associated
cytokines than healthy individuals83–85 and that the percentage of Tregs is negatively correlated with HOMA-
IR in individuals with obesity86. Because Tregs play a role in regulating immune homeostasis and controlling
the progression of metabolic syndromes, they have received increasing attention. Recently, exenatide has
been shown to promote Treg proliferation by mediating the PI3K/AKT/FOXO1 pathway and reducing
Th17 cells, thereby attenuating pancreatic islet inflammation87. The p38 AMPK/C/EBPβ pathway can
also modulate granulocyte-macrophage colony-stimulating factor and the synthesis of IL-1088. In addition,
Tregs express insulin receptors, and hyperinsulinemia inhibits IL-10 production through the activation of
AKT/mTOR signaling89, which may explain a decrease in Tregs in T2DM mouse models87. However, the
AKT/mTOR signaling pathway appears to have a feedback effect on T cell differentiation, and stimulation
of Treg differentiation activates this pathway and increases glucose transport90. These studies have guided
us toward the treatment of T2DM.

5 CD8+ T Cells in T2DM

CD8+ T cells are a crucial type of adaptive immune cells that act as key mediators of immunological
surveillance and clearance. Abnormal antigens are delivered through MHC class I molecules, where they are
degraded to form peptides and delivered to CD8+ T cells91. CD8+ T cells kill cells carrying these abnormal
antigens by releasing cytotoxic molecules, such as granzymes and perforins, and cytokines such as IFN-γ and
TNF-α92. CD8+ T cell differentiation is mainly determined by antigenic strength, co-stimulatory molecules,
and inflammatory cytokines93. In animal models, the accumulation and polarization of macrophages, ac-
companied by increased numbers of CD8+ T cells and corresponding cytokines, are observed in the AT of
HFD-fed mice, promoting an inflammatory state22,94,95. Additionally, the infiltration of adipose CD8+ T
cells into adipose tissue precedes macrophage aggregation, and knocking CD8+ T cells decreases adipose
tissue inflammation and the number of macrophages, which improves systemic IR22.

In human studies, increased CD8+ T cells in the AT and peripheral blood are strongly associated with IR and
hyperglycemia, and CD8+ T cells also increase with age and the onset of diabetes96,97. Furthermore, with the
progression of obesity and T2DM, CD8+ T cells expand to varying degrees in the skeletal muscle, liver, kidney,
and intestine respectively, and negatively regulate vascular regeneration and function98–102, suggesting a
synergistic effect of CD8+ T cells through the release of cytotoxic particles, and inflammatory factors leading
to tissue immunopathology. Therefore, CD8+ T cells that promote metabolic tissue infiltration may be a
potential therapeutic target for obesity, aging, T2DM, and associated complications, which are important
for treating and delaying related metabolic diseases.

6 T Cell Activation and Exhaustion in T2DM

6
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6.1 T Cell Activation

Primary T cells enter the circulation after thymic development and maturation and are recognized by the
MHC under initial and repeated antigenic stimulation. T cells interact with APC to induce the proliferation
and differentiation of effector T cells and long-lived memory cells and the release of cytokines by effector T
cells to kill specific antigens103, a process known as T cell activation or cellular immunity. T2DM is a chronic,
low-grade inflammatory disease caused by IR, hyperglycemia, and the persistent stimulation of immune cells,
including macrophages, mast cells, and T cells. During obesity, excessive levels of free fatty acids and glucose
stimulate an increase in the number and activity of T cells in islet-sensitive tissues (especially adipose, liver,
and muscle tissues), accompanied by the accumulation and polarization of macrophages104. Reduced insulin
sensitivity results from the accumulation of activated immune cells in tissues and the production of pro-
inflammatory cytokines that then interact with nearby insulin target cells9. In general, Th1 cells, and Th17
cells increase inflammation and IR, whereas Th2 and Treg have a suppressive role104, based on the context
and level of disease development.

The bidirectional interaction between T2DM and inflammation is achieved through immune cell regulation
(Figure 2). In diabetes, high levels of blood glucose react with proteins to form advanced glycosylation
end-products (AGEs), which AGEs upregulate electrogenic Ca2+-activated K+ channels to promote pe-
ripheral blood mononuclear cell (PBMC) migration, participate in T and B cell activation, and are pos-
itively correlated with glycated hemoglobin (HbA1c) levels105. In addition, AGEs promote the emission
of inflammation-related mediators via the control of pathways such as PI3K/AKT, and prolonged expo-
sure to inflammatory factors ultimately leads to blockage of insulin signaling receptors and exacerbates
hyperglycemia105,106. In addition, HFD-induced obesity leads to dysregulation of Th17/Treg homeosta-
sis through the TGFβ1/IRF3/STAT3 pathway, which promotes the release of Th1 cytokines, facilitates
macrophage conversion to the M1 type, and exacerbates inflammation and IR107 (Figure 3). Obesity and
diabetes disrupt adaptive immune homeostasis, activate T cells to proliferate toward pro-inflammatory phe-
notypes, and release inflammatory factors and chemokines to exacerbate the course of the disease. However,
T cell activation is dependent on lactate production from aerobic glycolysis, and the addition of lactate
during T cell differentiation can activate the AKT/mTOR signaling, promote T cell differentiation toward
Tregs, and inhibit Th1 cell differentiation90. Therefore, the full utilization of glucose to promote increased
lactate production during hyperglycemia may serve as a feedback mechanism to limit inflammatory diseases.
Conversely, it has been suggested that hyperglycemia interferes with calcium transduction signaling and pre-
vents T cell activation108. Therefore, T cell activation and T cell immunity in T2DM are unclear, and how
T cell subsets and pro-inflammatory or anti-inflammatory factors are distributed during T cell activation
needs to be explored.
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FIGURE 2 The interaction between T2DM and inflammation is bidirectional through the regulation of
immune cells. IR, insulin resistance; FFA, Free fatty acids; AGEs, advanced glycated end-products; PBMC,
peripheral blood mononuclear cell; IFN-γ, interferon gamma; TNF-α, necrosis factor alpha; IL-6, interleukin-
6.

6.2 T Cell Exhaustion

T cell exhaustion refers to the impaired T cell activity seen in persistent infections and malignancies. This
condition is marked by a gradual decline in T cell function, eventually resulting in a total lack of cascade
effects109. New research has shown elevated levels of cytotoxic and T helper cell exhaustion in individuals
diagnosed with T2DM110. A study examining the association between programmed cell death 1 and its ligand
(PD-1/PD-L1) in T2DM and macrovascular lesions, demonstrated that PD-1 levels were higher in individuals
diagnosed with T2DM than the control group111. The first phase of T cell exhaustion is characterized by
a decrease in IL-2 production and PD-1 expression, followed by defective TNF production. Some cytotoxic
effector function is regained in the middle stage, and cells eventually have high PD-1 expression112. The
combination of T cell activation and exhaustion may seem to be contradictory, but they can co-exist in a
certain disease state, suggesting that at least partial T cell exhaustion is present in patients with T2DM.

T-cell exhaustion occurs primarily in cancer, chronic infections, and autoimmune diseases. As a result of
prolonged exposure to persistent antigens and inflammation, T cells are activated to form early exhausted
T cells, which maintain some degree of effector capacity and proliferation. As activation continues, early
exhausted T cells gradually lose their effector function, are unable to differentiate into memory cells, and
ultimately lose their proliferative and effector capacities altogether113. Studies on the PD-1/PD-L1 pathway
in T2DM have found that PD-1 expression is downregulated in individuals with T2DM and that it is
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positively correlated with insulin and diabetes duration and negatively correlated with BMI114. With aging
and disease progression, individuals with T2DM show a decreasing total number of CD4+ and CD8+ T cells,
reduced differentiation of näıve T cells, and immune senescence and depletion. Therefore, the stimulation
and subsequent exhaustion of T cells are significant factors in the pathogenesis of T2DM, ultimately leading
to full T-cell depletion as the illness progresses.

FIGURE 3 Role of T cells on the T2DM pathway. The activation of intracellular signals by cytokines
secreted by T cells helps to promote or inhibit the pathogenesis of T2DM. GLUT, glucose transporter type;
IL-4, interleukin-4; IL-17, interleukin-17; IFN-γ, interferon gamma; IL-10, interleukin-10; TNF, necrosis
factor; IL-1β, interleukin-1 beta; IL-6, interleukin-6; IRS, insulin substrate; JAK, Janus kinase; PI3K, phos-
phatidylinositol 3-kinase; c-Raf, Raf proto-oncogene, serine/threonine kinase; MEK1/2, mitogen-activated
protein kinase kinases 1 and 2; ERK1/2, extracellular signal-regulated protein kinases 1 and 2; PPARγ,
peroxisome proliferator-activated receptor gamma; STAT, signal transducer and activators of transcription;
PIP3, phosphatidylinositol triphosphate 3; AKT, protein kinase B; mTORC1, mechanistic target of ra-
pamycin complex 1; JNK, Jun amino-terminal kinase; IKK, inhibitor of kappa B kinase; NF-κB, nuclear
factor kappa B.

6.3 Complications and Treatment

Dysregulation of T-cell homeostasis resulting from the progression of diabetes mellitus can affect all vital
organs in the body, resulting in a variety of chronic complications. The adipose tissue is an endocrine
organ that plays an important role in regulating glucose metabolism and fatty acid oxidation. Under phys-
iological conditions, adipokines (such as leptin) continually activate effector T cells, which leads to the
generation of cytokines that suppress inflammation; the liver first undergoes steatosis, and the secretion of
chemokines by hepatocytes and Kupffer cells eventually leads to inflammation and fibrosis58,115. A study
on T2DM and cardiovascular risk found increased immune activation in individuals with T2DM and car-
diovascular disease116 and that signaling by inducible T cell costimulator and its ligand (ICOS/ICOSL), a
co-stimulatory immune checkpoint, induces cytotoxic effects, such as activation of cytotoxic T lymphocytes,
and inhibits Treg activity117. High glucose levels and AGEs may cause T-cell inflammatory responses and
vascular endothelial dysfunction by upregulating ICOS signaling118. In addition, diabetic nephropathy100

and retinopathy119exhibit varying degrees of T cell homeostasis disruption, exacerbating inflammation and
dysfunction.

A growing body of research is exploring immunotherapies for T2DM to reduce disease progression and

9



P
os

te
d

on
28

M
ar

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

16
05

98
.8

76
78

03
2/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

complications. Conventional oral hypoglycemic agents such as glucagon-like peptide (GLP)-1 agonists have
been shown to help inhibit T cell proliferation, promote Th2 transition, and reduce the IL-1/IFN-γ ratio
to reduce renal and cardiovascular deterioration120,121. Patients with newly diagnosed T2DM who have
a short course of rigorous insulin treatment have substantial reductions in inflammatory markers such as
IL-6, TNF-α, and chemokines and increases in activating factors that govern proper T cell production and
secreted chemokines122, further suggesting that insulin regulates T cell immune homeostasis in addition to
its glucose-lowering effects. However, the effects of these factors on the inflammatory signaling pathway
in blood glucose levels are understudied. Additionally, the role of immunomodulation in the treatment of
T2DM goes far beyond that. Adult stem cells from individuals with obesity and T2DM inhibit CD4+ T cell
proliferation, modulate T cell activation markers (CD69 and CD25), and increase Treg frequency123 thereby
facilitating immunotherapy.

Researchers are currently exploring the development of a diabetes vaccine that modulates immune cell subsets
in T2DM. A vaccine targeting IL-1β with polylactic acid particles as an adjuvant targets and inhibits IL-1β
and blocks NF-κB activation by decreasing the levels of IKKβ and phosphorylated RelA124 and blocking
the release of pro-inflammatory factors. The PD-1 pathway is important for regulating T-cell activation,
tolerance, and exhaustion. There have been opposing findings regarding whether PD-1 is upregulated110,111or
downregulated114 in T2DM, but it has been suggested that PD-1-deficient Tregs may protect non-obese
diabetic mice from diabetes by inhibiting the PI3K/AKT pathway125. Therefore, the use of PD-1 as an
immune checkpoint inhibitor may be beneficial in restoring immune function in patients with T2DM.

7 Conclusion and Perspectives

In summary, T cell-mediated adaptive immunity is closely associated with T2DM, which is a chronic
metabolic inflammatory illness. With the progression of obesity, IR, and gradual elevation of blood glucose
levels, innate immunity is activated first, and there is an increase in the number of T cells under macrophage
infiltration, differentiation of CD4+ T cells into pro-inflammatory cells, and a decline in the expression of
inflammation-suppressing factors. Among the unconventional T cells that play a bridging role between in-
nate and adaptive immunity are natural killer T cells, mucosal constant T cells (MAIT), and γ-δ-T cells126.
These cells recognize lipids, small molecule metabolites, specifically modified peptides, and peptide antigens
presented on the cell surface through the classical MHC family and are characterized by broad recognition
and rapid response127. Both MAIT and adaptive T cells are activated in pre-diabetes, and the inflammatory
balance is tipped toward a pro-inflammatory state. A self-amplified chronic pro-inflammatory milieu and the
presence of amyloid peptides contribute to the decline in β cell mass and function, ultimately culminating
in the development of T2DM. However, the demarcation between T-cell immune activation and exhaustion
in the pathogenesis of T2DM remains unclear, as does when T-cell exhaustion begins. These questions need
to be addressed in the future to lay the foundation for the development of new immunotherapies.
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