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Research progress on Th17 and
T regulatory cells and their
cytokines in regulating
atherosclerosis
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Background: Coronary heart disease due to atherosclerosis is the

leading cause of death worldwide. Atherosclerosis is considered a

chronic inflammatory state in the arterial wall that promotes disease

progression and outcome, and immune cells play an important role in the

inflammatory process.

Purpose: We review themechanisms of CD4+ T subsets, i.e., helper T17 (Th17)

cells and regulatory T cells (Tregs), in regulating atherosclerosis, focusing on

the role of interleukin (IL)-17, IL-10, and other cytokines in this disease and the

factors influencing the e�ects of these cytokines.

Results: IL-17 secreted by Th17 cells can promote atherosclerosis, but few

studies have reported that IL-17 can also stabilize atherosclerotic plaques.

Tregs play a protective role in atherosclerosis, and Th17/Treg imbalance also

plays an important role in atherosclerosis.

Conclusion: The immune response is important in regulating atherosclerosis,

and studying the mechanism of action of each immune cell on atherosclerosis

presents directions for the treatment of atherosclerosis. Nevertheless, the

current studies are insu�cient for elucidating the mechanism of action, and

further in-depth studies are needed to provide a theoretical basis for clinical

drug development.
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Cardiovascular disease due to atherosclerosis has become the leading cause of

death worldwide (1). The formation of atherosclerosis is a complex process. low-

density lipoprotein (LDL) facilitates lipid accumulation in the arterial wall, endothelial

dysfunction allows lipoprotein particles penetrating into the subendothelial layer of

the arterial wall, where plaque formation occurs, and local inflammatory response

and misbalanced functioning of tissue macrophages contribute to the plaque growth

and the formation of lipid core (2–4). Although lipid deposition has previously been

considered a marker of atherosclerosis, an increasing number of studies have reported

that immune inflammation also plays a crucial role in atherosclerosis occurrence,

development, and clinical manifestations (5). The immune inflammatory response is

caused by the activation of innate and adaptive immunity (6, 7) and T cell infiltration
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FIGURE 1

Mechanism of Th17 cells and Treg cells regulating

atherosclerosis.

is present at all stages of atherosclerosis. CD4+ T cells are

activated by antigens and differentiate into helper T1 (Th1), Th2,

Th17, and regulatory T cells (Tregs) (8). The main cytokine

produced by Th17 cells is IL-17, It also produces cytokines

such as IL-17A, IL-17F, IL-21 and IL-22 (9). And Tregs mainly

secrete IL-10 and other cytokines such as IL-35 and TGF-

β (10). These CD4+ T cell subpopulations can secrete a

variety of cytokines to promote or suppress the development

of inflammation, thereby regulating atherosclerosis progression.

Each of these numerous CD4+ T cell subpopulations is

involved in the development of immune inflammation. There

is growing evidence that Th17 cells and Tregs are highly

involved in atherogenesis and the progression of atherosclerosis

(11) (Figure 1).

Here, we reviewed the mechanisms of Th17 cell- and

Treg-mediated atherosclerosis in existing CD4+ T cell

subpopulations, thereby providing targets for atherosclerosis

treatment and a feasible direction for research on the inhibition

of atherosclerosis progression through immunomodulation.

Th17 cells

Th17 cells are characterized by the expression of interleukin

(IL)-17A, IL-17F, IL-21, and IL-22. IL-17 is mainly secreted

by Th17 cells and is considered their signature cytokine.

Nevertheless, IL-17 can also be produced by various types of

hematopoietic cells in addition to Th17 cells and by CD8+ T

cells, invariant natural killer T cells (iNKT), and other immune

cells (12). As a major cytokine that is secreted by Th17 cells,

IL-17 plays an important role in regulating the formation

of atherosclerosis. The interaction between its pathway and

cytokines is complex. Further exploration of its mechanism

would provide a new direction for atherosclerosis treatment.

IL-17 promotes atherosclerosis
development

There have been many studies on the role of IL-17 in

atherosclerosis development and progression. Wang et al.

(13) and Gao et al. (14) reported that ApoE-/- mice exhibited

Th17 cells in atherosclerotic plaques and higher percentages

of Th17 cells than wild-type (WT) mice, suggesting that Th17

cells are associated with atherosclerosis. Eid et al. (15) detected

IL-17 in the serum of patients with coronary atherosclerosis

and reported large Large amount of IL-17 production by

Th17 cells infiltrating the arteries, suggesting an association

of IL-17 with atherosclerosis. Gao et al. (14) injected IL-17

(2 mg/mouse) weekly into ApoE−/− mice. After 5 weeks,

the IL-17 injection greatly exacerbated aortic root plaque

formation, confirming that IL-17A exacerbated atherosclerosis

development in vivo. Erbel et al. (16) reported that when

co-cultured with atheromatous plaques, IL-17A induced

upregulation of the mRNA of proinflammatory mediators,

including the chemokine monocyte chemoattractant protein-1

(MCP-1) and the plaque-disrupting matrix metalloprotease 9

(MMP9). It also induced the expression of a proinflammatory

transcriptome in macrophages, leading to the upregulation

of proinflammatory mediators, including cytokines such as

IL-1A and IL-6 or chemokines such as C-C motif chemokine

ligand (CCL) 2 and CCL8, thereby promoting atherosclerotic

plaque formation. Similarly, Shiotsugu et al. (17) stimulated

human umbilical vein endothelial cells with IL-17A and

reported that IL-17A induced adhesion molecule expression

and promoted monocyte adhesion to vascular endothelial cells.

Moreover, IL-17A stimulated oxidized low-density lipoprotein

(oxLDL)-induced foam cell formation by upregulating

LOX-1 in activated macrophages, thereby participating in

atherosclerosis pathogenesis. In addition, IL-17 induced the

release of chemokines such as CXCL1, CXCL2, and CXCL8

from endothelial cells and vascular smooth muscle cells (SMCs)

(18), and the increase of these chemokines attracted other

inflammatory cells to the inflammation site, exacerbating

atheromatous plaque inflammation. Similar to a recent study,

Zhang et al. (19) reported recently that IL-17A could bind

to IL-17RA on the endothelial cell membrane and promote

endothelial cell senescence, which is one of the main causes of

structural changes and blood vessel dysfunction and the basis

of atherosclerosis (20), by activating the nuclear factor kappa B

(NF-κB)–p53–Rb signaling pathway.

In contrast, Erbel et al. (21) reported in 2009 that IL-
17 antibody neutralization of IL-17A reduced the expression
of vascular cell adhesion molecules (VCAM-1), immune cell

infiltration, and the secretion of proinflammatory cytokines
(IL-6 and tumor necrosis factor [TNF]-α) and chemokines

(CCL5), significantly reducing the area of atherosclerotic lesions

in ApoE−/− mice (IL-17A monoclonal antibody [mAb]-treated

group: 1586 ± 723 µm2; control group: 2716 ± 1187 µm2),
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maximum stenosis, and lesion vulnerability, suggesting a

proatherosclerotic effect of IL-17. Similarly, Erbel et al. (16)

reported that inhibiting IL-17A in ApoE−/− mice slowed the

progression of advanced atherosclerotic lesions by reducing

the necrotic core of atherosclerosis and that IL-17A mAb

treatment slowed the progression of advanced atherosclerotic

lesions by increasing fibrous cap thickness, collagen content,

and connective tissue growth factor (CTGF) mRNA expression

to exert a plaque-stabilizing effect. Recently, Wang et al.

(13) injected anti-IL-17 mAb intraperitoneally into ApoE−/−

mice for 4 weeks and observed reduced atherosclerotic plaque

formation and decreased lesion size, collagen content, and

necrotic core in the IL-17-neutralized ApoE−/− mice. These

studies suggest that IL-17 acts as a proinflammatory cytokine to

promote atherosclerosis development.

IL-17 mediates atherosclerosis-related
mechanisms

IL-17 induces VCAM-1 expression in vascular
SMCs to promote atherosclerosis

Vascular SMCs play a central role in atherosclerosis. VCAM-

1 is expressed in endothelial cells and the intimal SMCs of

atherosclerotic lesions and is required for leukocyte recruitment

and vascular inflammation (22). VCAM-1−/− mice did not

develop atherosclerosis, suggesting that VCAM-1 is required

for atherogenesis (23). IL-17 mediates VCAM-1 expression in

SMCs through multiple signaling pathways, thereby promoting

atherosclerosis development. Zhang et al. (24) demonstrated

that IL-17 was dependent on NF-κB to induce VCAM-1

expression in SMCs and that knockdown of p65 with small

interfering RNA reversed IL-17-induced VCAM-1 expression,

suggesting that NF-κB is indispensable in such expression in

SMCs. TGF-β activated kinase 1 (TAK1) is considered an

important IL-17-mediated signaling molecule (25), but Zhang

et al. reported that knockdown of TAK1 did not reduce IL-

17-induced VCAM-1 expression in SMCs, nor did it decrease

NF-κB activation, suggesting that IL-17-activated NF-κB is

independent of the TAK1 pathway. Similarly, they reported that

IL-17-induced NF-κB activation was also not dependent on the

Akt1 pathway. Furthermore, they noted that IL-17 promoted

VCAM-1 expression in SMCs partly through the ERK1/2–

MAPK signaling pathway. Therefore, further studies on the

above mechanisms and therefore targeting the IL-17 signaling

pathway will provide a new means of intervention for treating

vascular diseases.

Multiple cytokines regulate IL-17 expression

IL-17A expression is regulated by a variety of factors,

including cytokines and growth factors. These factors further

regulate atherogenesis by regulating IL-17 expression through

their downstream signaling pathways or in concert with

other factors.

IL-6

The IL-6 receptor is a heterodimer composed of IL-6R and

gp130. IL-6 binding to its receptor activates the downstream

signal transducer and activator of transcription (STAT) 1 and

STAT3 (26). IL-6 exerts direct proatherogenic effects (27, 28)

but also exerts proinflammatory effects by inducing Th17 cell

differentiation. Retinoid-related orphan receptor γ (RORγ ) is

a member of the nuclear receptor (NR) superfamily in the

human genome, the thymus-specific RORγ t plays vital roles

in promoting T cell differentiation into the Th17 subtype and

regulating IL-17A gene transcription in Th17 cells (29). It was

found that IL-6 could acts synergistically with transforming

growth factor beta (TGF-β) to induce RORγ t expression,

thereby promoting Th17 cell differentiation (30). Induction

of RORγ t under Th17 cell-polarizing conditions is dependent

upon STAT3, which perceives and transduces signals from IL-

6, IL-23 and other cytokines (29) and IL-6 can upregulate

IL-21 expression through the STAT3 pathway, which in turn

increases IL-23 receptor and RORγ t expression, and the

combination of RORγ t and STAT3 further promotes IL-17

expression (31), which also inhibits forkhead transcription

factor p3 (FOXP3) expression (32), thereby promoting the

development of atherosclerosis. Blocking IL-6R led to a

significant decrease in Th17 cells and an increase in Tregs

(33), further demonstrating the important role of IL-6 in the

induction of Th17 cell differentiation.

IL-23

IL-23 is a member of the IL-12 cytokine family and

is a heterodimer composed of the p19 (specific to IL-23)

and p40 (shared with IL-12) subunits. IL-23 is thought to

be a major driver of the pathogenic human Th17 cellular

response (34). The IL-23–IL-17 cytokine axis drives a variety

of chronic inflammatory diseases, including arthritis, psoriasis,

and inflammatory bowel disease (35). Abbas et al. (36) reported

that IL-23 and IL-23R expression was increased in carotid

atherosclerotic plaques and that IL-23 induced a significant

increase in the release of IL-17 from the cells of patients

with carotid atherosclerosis and accelerated their inflammatory

state, suggesting that IL-23 may promote the development

of atherosclerosis through the IL-23–IL-17 axis. The Th22

subset is a novel CD4+T-cell subset and the most important

source of IL-22 in mice (37). In the middle and late stages

of inflammation, IL-22 is pre-dominantly released by Th22

cells to exert immune effects (38). In addition, the study

found that IL-23 can induce IL-22 production by CD4+ T

cells, which may be a downstream signal for IL-23 to act

(39). Shi et al. (40) reported that in ApoE−/− mice, plaque

size was observed after treatment with recombinant (r)IL-

22 and IL-22 mAb, which revealed that Th22 cell-derived
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IL-22 activated IL-6/STAT3, increased dendritic cell-induced

Th17-cell proliferation, stimulated SMC dedifferentiation to a

synthetic phenotype, and ultimately promoted the development

of atherosclerosis. This further suggests the importance of the

IL-23–IL-17 axis in pro-atherosclerosis.

In contrast, it has been suggested that the IL-23–IL-17

axis may play a neutral role in atherosclerosis. The onset of

inflammation in psoriasis and atherosclerosis shares the same

cytokine pathway (41). The dysfunction in psoriasis includes

systemic inflammation involving cytokines, such as IL-17, TNF-

α and IFN-γ (42), as well as inflammatory transcripts such

as CXCL10, IL-1β and VCAM-1.Psoriasis increases vascular

stiffness and atherosclerosis tthrough the IL-17 pathway (43).

Animal studies have demonstrated that the transfer of Ldlr−/−

IL-23R−/− CD4+ T cells to Ldlr−/− Rag1−/− recipient mice

resulted in reduced the Th17 levels and IL-17+IFN-γ+ Th17

cells, suggesting that IL-23 mediates IL-17 production. However,

studies showed IL-23-dependent pathogenic Th17 effector cell

differentiation exerted no significant effect on atherosclerosis

in Ldlr−/− mice (44). Furthermore, a 5-year follow-up study

of patients with severe psoriasis revealed the occurrence of

cardiovascular events after IL-12–IL-23 blockade treatment and

that IL-12–IL-23 blockade exerted no effect on cardiovascular

events (45). Similarly, Marovt et al. (46) reported the significant

efficacy of biologics targeting the IL-23–IL-17 axis in the

treatment of psoriasis. However, the effect on vascular structure

and function was neutral, suggesting that the IL-23–IL-17 axis

may exert no effect on atherosclerosis development.

The above differences in the effects of the IL-23–IL-17 axis

on atherosclerosis have not been elucidated and may lie in the

models used in studies on the IL-23–IL-17 axis, the different

periods in which atherosclerosis occurs, and the impact of

other comorbid diseases in patients with atherosclerosis on the

studies; or even the different types of IL-23 knockdown in

the animal models. In addition, cytokines act on inflammation

via complex pathways, and despite IL-23 knockout, whether

IL-17 plays a role in atherosclerosis through other unknown

pathways has not been ruled out. In conclusion, the existence of

these differences suggests that there remain numerous unknown

parts of the pathways of cytokine action, and further research

to identify these pathways is expected to provide targets for

atherosclerosis treatment.

Other cytokines

An isoform of the proinflammatory cytokine IL-1 (47),

IL-1β is involved in atherogenesis. The Canakinumab Anti-

inflammatory Thrombosis Outcomes Study (CANTOS)

demonstrated significant reductions in recurrent cardiovascular

events after selective neutralization of IL-1β with a monoclonal

antibody (canakinumab) in patients who were at risk of residual

inflammation (5). Inhibition of IL-1β reduced the sizes of

formed atherosclerotic plaques and increased plasma IL-10

levels (48), thereby slowing the onset of atherosclerosis. In

addition, Engelbertsen et al. (49) reported that knockdown

of IL-1R1, the IL-1β receptor, reduced IL-17A production

by stimulated splenocytes and plasma IL-17A levels and

attenuated other proinflammatory cytokines secreted by Th17

cells, suggesting that IL-1R1 signaling affects atherosclerosis

by promoting Th17 immune response development. In

addition, receptor interacting protein 2 (RIP2) and tripartite

motif containing (Trim) 21 are associated with Th17 cell

differentiation. In Rip2−/− mice, T cells preferentially polarized

toward pathogenic Th17 cells under pathogenic conditions,

resulting in increased IL-17A production, which directly led

to the significant enhancement in atherosclerosis (50). MMP

expression was reduced in Trim21-deficient mice and human

plaques (51), and Trim21 deficiency in hematopoietic cell

compartments led to plaque enlargement through increased T

cell-mediated IL-17 responses, along with significant increases

in plaque collagen content and thicker fibrous cap (52). These

studies confirm the proinflammatory effects of multiple factors

in inducing Th17 cell differentiation and increasing IL-17

production, but no studies have elucidated their mechanisms

of action due to their intricacy. Therefore, further investigation

of their mechanisms is of great importance for preventing and

treating atherosclerosis.

IL-17 plays a protective role in
atherosclerosis

Although a large number of studies have suggested the

proatherogenic effects of IL-17, others have suggested that

IL-17 inhibits the development of atherosclerosis. Suppressor

of cytokine signaling (SOCS) protein is considered a key

physiological regulator of innate and adaptive immunity and

SOCS3 plays a protective role in atherosclerosis by inhibiting

the STAT3 signaling pathway and suppressing proinflammatory

responses (53). Taleb et al. (54) reported that neutralizing

IL-17 in T cell-specific SOCS3-deficient mice completely

eliminated the atherosclerotic protective effect of T cell-specific

SOCS3 deletion and led to significant atheromatous plaque

lesion formation. Furthermore, the administration of rIL-17

to Ldlr−/− mice significantly reduced the development of

atherosclerotic lesions and reduced IL-1-induced endothelial

VCAM-1 expression in vitro, suggesting that IL-17 inhibits

the development of atherosclerosis. Subsequently, Danzaki

et al. (55) found in ApoE−/−, IL-17A−/− mice that IL-17A

deficiency led to atherosclerotic lesions and the formation of

unstable atherosclerotic plaques, whereas atherosclerotic plaque

formation was reduced in ApoE−/− mice and ApoE−/−, IL-

17A−/− mice when treated with IL-17A. The authors also

suggested that the lack of atheroprotective effects of IL-17A may

have been due to increased interferon (IFN)-γ production and

decreased IL-5 production in the splenocytes. Although such
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studies on the anti-inflammatory effects of IL-17 are scarce,

its role cannot be ignored, and the elucidation of its complex

targets of action yields directions for the immune response to

modulate atherosclerosis.

As a cytokine, IL-17 involves numerous pathways and has

multiple interactions or influences. Therefore, studies on specific

models or different stages of atherosclerosis and different IL-17

concentrations are expected to clarify its mechanism of action in

atherosclerosis and provide a feasible and sustainable target for

treating such diseases.

Tregs play a protective role in
atherosclerosis

A growing body of evidence emphasizes the role of T cells

as important drivers and regulators of atherogenesis (56). Tregs

are a CD4+ T cell subpopulation that suppress exacerbated

inflammatory responses to enhance immune tolerance and

homeostasis (57). Tregs can be subdivided into two major

categories based on their developmental origin: thymic Tregs

and peripherally induced Tregs. T cell differentiation to Tregs

is driven by FOXP3 (58), which is essential for Tregs to maintain

their immunosuppressive functions. Using an ApoE−/− mouse

model, AitOufella et al. (59) demonstrated that CD4+CD25+

Treg deficiency was associated with a significant increase in

atherosclerotic lesion size, demonstrating for the first time

that endogenous CD4+CD25+ Tregs play a protective role

in atherogenesis. In contrast, Gao et al. (60) performed

selective transfer of CD4+FOXP3(GFP)+ Tregs into the aorta

of ApoE−/− mice and observed that the Treg transmigration

reduced the aortic facial atheroma plaque area by 54.3%

(P < 0.001) and the aortic root plaque area by 34.0%, (P

< 0.001) and significantly reduced macrophage infiltration

(65.2%, P < 0.001), suggesting the important role of Tregs in

atherosclerosis development.

Tregs maintain immune homeostasis and tolerance through

the release of immunosuppressive cytokines (e.g., IL-10 and

TGFβ), cell contact-dependent mechanisms, and the promotion

of tissue repair (61). Further studies have revealed that

Tregs could directly exert their anti-inflammatory effects on

monocytes and macrophages. Coculturing monocytes and

macrophages with Tregs significantly inhibited the production

of proinflammatory cytokines such as TNF-α, IL-6, and IL-1β ,

while the production of the anti-inflammatory cytokines IL-1RA

and IL-10 was enhanced (62), suggesting that Tregs can inhibit

proinflammatory cytokine production by acting on monocytes

and macrophages. In addition, co-culture with Tregs rendered

monocytes less capable of increasing the T cells that secreted

harmful IL-17 by decreasing monocyte CD86 expression (63).

When Tregs were transferred to ApoE−/− mice, there was a

significant decrease in the relative level of macrophage and

lipid content in plaques and significant increases in SMCs and

collagen, thereby reducing the risk of plaque rupture (64). The

mechanism by which Tregs affect various cells associated with

atherogenesis is not well defined and exhaustive, and there are

still many gaps to be filled.

Antiatherosclerotic e�ects of IL-10

IL-10 is an immunomodulatory cytokine mainly produced

by Treg, as well as B cells, macrophages and other immune

cells (65). The main cytokine secreted by Tregs, IL-10 plays an

important role in regulating atherosclerosis.

IL-10 significantly affects the inflammatory response in

atherosclerosis. Mallat et al. (66) studied IL-10−/− and IL-

10+/+ C57BL/6J mice and found that compared to the IL-

10+/+ mice, the IL-10−/− mice demonstrated a significant

3-fold increase in aortic sinus atherosclerotic lesions and

lesions expressing higher levels of IFN-γ , increased activated

T cell infiltration, and decreased collagen levels, which

increased atherosclerosis while decreasing atheromatous plaque

stability, suggesting an important atheroprotective role of IL-10.

Subsequently, a study of ApoE−/− mice reported a significant

increase in the proinflammatory Th1-cell response and lesion

size in IL-10 deficiency, along with an increase in MMP and

tissue factor activity in lesions (67), suggesting that IL-10

reduced atherogenesis. Similarly, Fourman et al. (68) measured

IL-10 in serum samples with enzyme-linked immunosorbent

assay and assessed coronary atherosclerosis using computed

tomography angiography in an observational study of human

immunodeficiency virus (HIV) patients and uninfected controls,

and found that reduced IL-10 was associated with increased

coronary plaque incidence and increased carotid intima-

media thickness, suggesting a protective effect of IL-10 against

atherosclerosis in HIV. Conversely, Liu et al. (69) used adeno-

associated virus type 2 (AAV) vector transduction of IL-

10 in Ldlr−/− mice to upregulate IL-10 gene and protein

expression and observed reduced subintimal lipid accumulation

and lower CD68 and reactive oxygen species levels, suggesting

that systemic AAV vector transduction of the IL-10 gene

could suppress inflammation and oxidative stress, thereby

inhibiting atherosclerosis. Recently, Kim et al. (70) successfully

reversed proinflammatory cytokine production by immune cells

in lesions and reduced atherosclerotic plaque progression by

targeting IL-10 delivery via nanocarriers to atheromatous plaque

sites in ApoE−/− mice fed a high-cholesterol diet. The above

studies bifurcated the protective role of IL-10 in atherosclerosis

and explored how IL-10 could be more effectively transported

to the target site to exert its anti-inflammatory effects. Although

the study was successful, the experimental subjects were animals,

and further research is needed to translate the results to

atherosclerosis treatment in humans.
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IL-35 regulates tregs to play a protective
role in atherosclerosis

IL-35 is a cytokine secreted by Tregs and consists of the

IL-12p35 and EBV-inducible gene 3 (EBI3) subunits. IL-35 is

a reactive cytokine (71) induced by proinflammatory stimuli

and is present in the early atherosclerosis development. IL-

35 inhibits cardiovascular inflammation effectively through

its important role in suppressing endothelial cell activation

(72). Tao et al. (73) reported that exogenous human and

mouse rIL-35 treatment reduced atherosclerosis in ApoE−/−

mice, suggesting that IL-35 has atheroprotective effects. In

addition, IL-35 is also involved in regulating Tregs. In an

IL-35 treatment model, IL-35 increased splenic Tregs and

inhibited atherosclerosis in ApoE−/− mice (73). Moreover,

IL-35 promoted C-C motif chemokine receptor 5 (CCR5)

expression in the Tregs of ApoE−/− mice (74), increased CCR5

enhance the immunosuppressive function of splenic Tregs in

three ways, which including CCR5-mediated Treg migration

(possibly from the spleen, which is a large Treg reservoir, to the

aorta), inhibit ATK-mTOR signaling in the Tregs, and promote

the immunosuppressive function of TIGIT and PD-1 in the

Tregs (75). These studies suggested the importance of IL-35 in

regulating Tregs to exert atheroprotective effects.

Other cytokines that regulate Treg
function

The CCR8 ligand CCL1 is a cytokine expressed by

activated T lymphocytes (76). In the cardiovascular system,

CCL1 is expressed in endothelial cells, macrophages, and the

extracellular regions of human atherosclerotic plaques (77).

CCL1 stimulates vascular SMC migration (78) and activates

endothelial cells in response to arterial wall injury (79).

CCR8 is mainly expressed in Tregs and plays a key role in

immunosuppression by activating Tregs through interactions

with its ligand CCL1 (80). CCL1 knockdown exacerbated

atherosclerosis in fat-fed ApoE-KO mice, and high-fat-fed

ApoE/CCL1-DKO (double knockout) mice demonstrated a

reduced percentage of Tregs in the aorta and spleen compared

to ApoE-KO control mice, and significantly reduced IL-10 in

the splenocytes and plasma, while the proliferative activity of

CD4+ T cells isolated from the spleen and lymph nodes was

not affected. Furthermore, treatment of adipose-fed Ldlr-KO

mice with CCR8-blocking antibodies reduced Treg levels in the

aorta and enhanced aortic atherosclerosis (81). These studies

suggested that CCL1–CCR8 axis inactivation decreases Treg

recruitment, leading to increased atherosclerosis. In addition,

Tregs can also produce TGF-β , which inhibits effector T-

cell differentiation; suppresses T- and B-cell proliferation; and

inhibits macrophage, dendritic cell, and NK-cell activity to exert

a stabilizing effect on atherosclerosis (10).

Studies showed that prolonged exposure to inflammatory

cues can promote Treg functional plasticity or affect Tregs

stability (82), leading to instability when Tregs lose Foxp3

expression and the loss impairs the suppressive capacity

(functionality) of Treg cells. The animal study by Wolf et al.

(83). Found that bulk FoxP3+ Tregs from 8-week-old Apoe−/−

transferred into 24-week-old Apoe−/− mice mostly lost FoxP3

and started expressing RORγT and T-bet after 6 weeks. And in

adoptive transfer experiments, converting ApoB+ Tregs failed

to protect from atherosclerosis, suggesting that the instability of

Treg cells deprives them of the ability to suppress inflammation.

In contrast, the plasticity of Treg cells is beneficial, IFNγ+T-

bet+CXCR3+Th1-like Tregs, IL4+IL5+IL13+GATA3+Th2-

like Tregs and IL17A+RORγ t+Th17-like Tregs have been

identified currently (84–86). Studies found that in response to

IFNγ or IL-27 Tregs acquire Th1 characteristics by expressing T-

bet and CXCR3, preferentially accumulate in Th1 inflammatory

niches, and render Th1 cells more susceptible to suppression

(87), suggesting that the plasticity of Treg cells enhances their

inhibitory ability. Although the mechanism remains unclear,

the stability and plasticity of it provide a new idea to regulate

atherosclerosis by intervening Treg.

Anti-inflammatory cells that regulate atherosclerosis,

Tregs secrete a variety of cytokines that play important

roles in all stages of atherosclerosis. Treg pathways and

mechanisms of action have been increasingly described, further

exploration based on existing studies presents the possibility of

immunotherapies for atherosclerosis.

The role of the Th17/Treg balance in
atherosclerosis

Tregs expressing FOXP3 exert anti-inflammatory effects

through contact-dependent inhibition or the release of

anti-inflammatory cytokines (IL-10 and TGF-β) (88).

Proinflammatory Th17 cells expressing RORγ t play an

important role in the development of autoimmune and allergic

reactions via the production of IL-17 and IL-6 (89). Th17-

related cytokine (IL-17 and IL-6) and transcription factor

(RORγ t) levels were significantly higher and Treg numbers,

Treg-related cytokine (TGF-β1) and transcription factor

(Foxp3) levels were significantly lower in ApoE-/- mice than

in age-matched C57BL/6J mice, suggesting that Th17/Treg

balance is important (90). Furthermore, Zhu et al. (91) reported

significantly higher expression of the Th17 transcription factor

RORγ t and IL-17 levels in the serum of patients with systemic

lupus erythematosus (SLE) combined with atherosclerosis as

compared with that in SLE-only patients and control groups,

and significantly lower Treg numbers and the expression of the

transcription factor Foxp3, further suggesting that Th17/Treg

imbalance may play a role in atherosclerosis formation and

development. Multiple signals, factors, epigenetic modifications,
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metabolic pathways, and microbiota can regulate the balance

between Tregs and Th17 cells (92).

Multiple factors regulate Th17/Treg homeostasis. CD69

is a C-type lectin, the earliest activation cell surface receptor

on leukocytes, expressed by small subsets of T and B cells in

peripheral lymphoid tissues (93). CD69+T lymphocytes are

detected in cell infiltrates of various chronic inflammatory

diseases (94). The lymphocyte activation antigen CD69

regulated Th17 cell and Treg differentiation, where CD69-

deficient mice exhibited enhanced Th17 cell differentiation

and defective Treg functions (95) and resulting in an increase

in atherosclerotic plaque area (96). oxLDL was previously

considered to be highly inflammatory and immunogenic (97),

whereas recent studies have reported that its binding to CD69

on human T cells induces the upregulation of NR4A receptor

expression, which downregulates the percentage of IL-17+

cells produced by Th17 cell polarizing stimulation, promotes

Treg differentiation, and exerts a protective effect against

inflammatory responses (96). Huang et al. (98) reported that

IL-12p35 deficiency decreased IL-35 levels and inhibited Treg

production and function in ApoE−/− mice, while IL-12p35

deficiency was followed by increased Th17-cell levels and IL-17

levels, thereby exacerbating the Th17/Treg imbalance and

promoting atherosclerosis. In contrast, treatment of ApoE−/−

mice with human rIL-35 increased circulating and local Treg

levels, inhibited the Th17 immune response, and reduced

plaque size, suggesting that IL-35 alters the Th17/Treg balance

by upregulating Treg immune responses, thereby attenuating

atherosclerosis (99). In addition, studies have shown that

indoleamine 2,3-dioxygenase (IDO) may play an important

role in regulating Th17/Treg homeostasis. Tryptophan (Trp)

is an essential amino acid for T-cell differentiation and its

metabolite kynurenine (Kyn) inhibits Th17-cell differentiation

and induces Treg proliferation. IDO is the rate-limiting

enzyme for Trp degradation via the Kyn pathway, which

controls Th17 and Tregs transformation by regulating Trp

metabolism (100). Yang et al. (101) recently reported reduced

IDO activity in P. gingivalis-infected atherosclerotic patients:

the activity was negatively correlated with Th17-cell percentages

and Th17/Treg ratios and positively correlated with Treg

percentages; moreover, reduced IDO activity was accompanied

by decreased serum IL-10 levels and increased IL-17 levels. This

finding further suggests that IDO is important in regulating

the Th17/Treg balance in atherosclerosis patients. Several

studies have demonstrated that regulating the Th17/Treg

balance by decreasing IL-17 and increasing Foxp3+ cells

can reduce inflammatory cell infiltration, inhibit chronic

inflammation, and stabilize atherosclerotic plaques (102, 103).

In addition, remodeling the gut microbiota can prevent the

development of atherosclerosis (104), and immune cells

and cytokines can synergize with the microbiota and its

metabolites to regulate atherosclerosis and plaque regression

(105), moreover, altering the gut microbiota can re-establish

the Th17/Treg balance (106). Although several studies have

demonstrated that multiple cytokines affect the Th17/Treg

balance, the specific mechanisms have not been elucidated,

and further clarification of the mechanism would provide

a new direction for delaying atherosclerosis by regulating

Th17/Treg homeostasis.

Conclusions and prospects

Atherosclerosis is a major cause of mortality worldwide

and its pathogenesis includes lipid infiltration, monocyte

macrophage infiltration, injury responses, and the inflammatory

responses. In recent years, the role of immune-mediated

inflammatory responses in the progression of atherosclerosis

has received increasing attention and different types of immune

cells play anti-inflammatory or proinflammatory roles in

atherosclerosis. Understanding the pathways by which these

immune cells and their secreted cytokines act would yield

therapeutic directions for preventing the onset and progression

of atherosclerosis.

Data availability statement

The authors confirm that the data supporting the findings

of this study are available within the article [and/or] its

supplementary materials.

Ethics statement

Ethical review and approval was not required for

this study in accordance with the local legislation and

institutional requirements.

Author contributions

QW and YW initiated this article and wrote the manuscript.

QW was the first author of this manuscript. DX revised our first

draft and provided valuable comments. All authors contributed

to the article and approved the submitted version.

Acknowledgments

This work was supported by the National Natural Science

Foundation of China (Nos. 81672264 and 81871858).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers inCardiovascularMedicine 07 frontiersin.org

https://doi.org/10.3389/fcvm.2022.929078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Wang et al. 10.3389/fcvm.2022.929078

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Baddour
LM. Global burden of cardiovascular diseases and risk factors, 1990–2019:
update from the GBD 2019 study. J Am Coll Cardiol. (2020) 76:2982–3021.
doi: 10.1016/j.jacc.2020.11.010

2. Krauss RM. Lipoprotein subfractions and cardiovascular disease risk. Current
Opin Lipidol. (2010) 21:305–11. doi: 10.1097/MOL.0b013e32833b7756

3. Gimbrone MA, García-Cardeña G. Endothelial cell dysfunction
and the pathobiology of atherosclerosis. Circ Res. (2016) 118:620–
36. doi: 10.1161/CIRCRESAHA.115.306301

4. Libby P. Mechanisms of acute coronary syndromes and their implications for
therapy. New England J Med. (2013) 368:2004–13. doi: 10.1056/NEJMra1216063

5. Libby P. Interleukin-1 beta as a target for atherosclerosis therapy:
biological basis of CANTOS and beyond. J Am College Cardiol. (2017) 70:2278–
2289. doi: 10.1016/j.jacc.2017.09.028

6. Tabas I, Lichtman AH. Monocyte-macrophages and T cells in atherosclerosis.
Immunity. (2017) 47:621–34. doi: 10.1016/j.immuni.2017.09.008

7. Emeson EE, Shen ML, Bell CG, Qureshi A. Inhibition of atherosclerosis in
CD4 T-cell-ablated and nude (nu/nu) C57BL/6 hyperlipidemic mice. Am J Pathol.
(1996) 149:675–85.

8. Iborra S, González-Granado JM. In vitro differentiation of naïve CD4? T Cells:
A tool for understanding the development of atherosclerosis. Methods Mol Biol.
(2015) 1339:177–89. doi: 10.1007/978-1-4939-2929-0_12

9. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 cells. Annu Rev
Immunol. (2009) 27:485–517. doi: 10.1146/annurev.immunol.021908.132710

10. Arce-Sillas A, Álvarez-Luquín DD, Tamaya-Domínguez B, Gomez-
Fuentes S, Trejo-García A, Melo-Salas M, et al. Regulatory T cells: molecular
actions on effector cells in immune regulation. J Immunol Res. (2016)
2016:1720827. doi: 10.1155/2016/1720827

11. Robertson AK, Hansson GK. T cells in atherogenesis: for
better or for worse? Arteriosclerosis Thrombosis Vas Biol. (2006)
26:2421–32. doi: 10.1161/01.ATV.0000245830.29764.84

12. Beringer A, Noack M, Miossec P. IL-17 in chronic inflammation:
from discovery to targeting. Trends Mol Med. (2016) 22:230–
41. doi: 10.1016/j.molmed.2016.01.001

13.Wang Y, LiW, Zhao T, Zou Y, Deng T, Yang Z, et al. Interleukin-17-producing
CD4+ T cells promote inflammatory response and foster disease progression in
hyperlipidemic patients and atherosclerotic mice. Front Cardiovas Med. (2021)
8:667768. doi: 10.3389/fcvm.2021.667768

14. Gao Q, Jiang Y, Ma T, Zhu F, Gao F, Zhang P, et al. A critical function of
Th17 proinflammatory cells in the development of atherosclerotic plaque in mice.
J Immunol. (2010) 185:5820–7. doi: 10.4049/jimmunol.1000116

15. Eid RE, Rao DA, Zhou J, Lo SF, Ranjbaran H, Gallo A, et al. Interleukin-17
and interferon-gamma are produced concomitantly by human coronary artery-
infiltrating T cells and act synergistically on vascular smooth muscle cells.
Circulation. (2009) 119:1424–32. doi: 10.1161/CIRCULATIONAHA.108.827618

16. Erbel C, Akhavanpoor M, Okuyucu D, Wangler S, Dietz A, Zhao L, et al.
IL-17A influences essential functions of the monocyte/macrophage lineage and
is involved in advanced murine and human atherosclerosis. J Immunol. (2014)
193:4344–55. doi: 10.4049/jimmunol.1400181

17. Shiotsugu S, Okinaga T, Habu M, Yoshiga D, Yoshioka I, Nishihara T, et al.
The biological effects of interleukin-17A on adhesion molecules expression and
foam cell formation in atherosclerotic lesions. J Interferon Cytokine Res Off J Int
Soc Interferon Cytokine Res. (2019) 39:694–702. doi: 10.1089/jir.2019.0034

18. Robert M, Miossec P. Effects of interleukin 17 on the cardiovascular system.
Autoimmun Rev. (2017) 16:984–91. doi: 10.1016/j.autrev.2017.07.009

19. Zhang L, Liu M, Liu W, Hu C, Li H, Deng J, et al. Th17/IL-17 induces
endothelial cell senescence via activation of NF-κB/p53/Rb signaling pathway. Lab
Invest. (2021) 101:1418–26. doi: 10.1038/s41374-021-00629-y

20. Sato K, Nuki T, Gomita K, Weyand CM, Hagiwara N. Statins reduce
endothelial cell apoptosis via inhibition of TRAIL expression on activated
CD4T cells in acute coronary syndrome. Atherosclerosis. (2010) 213:33–
9. doi: 10.1016/j.atherosclerosis.2010.03.034

21. Erbel C, Chen L, Bea F, Wangler S, Celik S, Lasitschka F, et al. Inhibition
of IL-17A attenuates atherosclerotic lesion development in apoE-deficient mice. J
Immunol. (2009) 183:8167–75. doi: 10.4049/jimmunol.0901126

22. Doran AC, Meller N, McNamara CA. Role of smooth muscle cells in the
initiation and early progression of atherosclerosis. Arterioscler Thromb Vasc Biol.
(2008) 28:812–9. doi: 10.1161/ATVBAHA.107.159327

23. Cybulsky MI, Iiyama K, Li H, Zhu S, Chen M, Iiyama M, et al. A major
role for VCAM-1, but not ICAM-1, in early atherosclerosis. J Clin Invest. (2001)
107:1255–62. doi: 10.1172/JCI11871

24. Zhang H, Chen J, Liu X, Awar L, McMickle A, Bai F, et al. IL-17 induces
expression of vascular cell adhesion molecule through signalling pathway of NF-
κB, but not Akt1 and TAK1 in vascular smooth muscle cells. Scand J Immunol.
(2013) 77:230–7. doi: 10.1111/sji.12030

25. Huang F, Kao CY, Wachi S, Thai P, Ryu J, Wu R. Requirement for
both JAK-mediated PI3K signaling and ACT1/TRAF6/TAK1-dependent NF-
kappaB activation by IL-17A in enhancing cytokine expression in human airway
epithelial cells. J Immunol. (2007) 179:6504–13. doi: 10.4049/jimmunol.179.
10.6504

26. Garbers C, Hermanns HM, Schaper F, Müller-Newen G, Grötzinger J, Rose-
John S, et al. Plasticity and cross-talk of interleukin 6-type cytokines. Cytokine
Growth Factor Rev. (2012) 23:85–97. doi: 10.1016/j.cytogfr.2012.04.001

27. Schuett H, Oestreich R, Waetzig GH, Annema W, Luchtefeld M,
Hillmer A, et al. Transsignaling of interleukin-6 crucially contributes
to atherosclerosis in mice. Arterioscler Thromb Vasc Biol. (2012)
32:281–90. doi: 10.1161/ATVBAHA.111.229435

28. Ziegler L, Lundqvist J, Dreij K, Wallén H, de Faire U, Paulsson-
Berne G, et al. Expression of Interleukin 6 signaling receptors in carotid
atherosclerosis. Vas Med. (2021) 26:3–10. doi: 10.1177/1358863X2097
7662

29. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille
JJ, et al. The orphan nuclear receptor RORgammat directs the differentiation
program of proinflammatory IL-17+ T helper cells. Cell. (2006) 126:1121–
33. doi: 10.1016/j.cell.2006.07.035

30. Diller ML, Kudchadkar RR, Delman KA, Lawson DH, Ford ML. Balancing
inflammation: the link between Th17 and regulatory T cells. Mediators Inflamm.
(2016) 2016:6309219. doi: 10.1155/2016/6309219

31. Wei L, Laurence A, Elias KM, O’Shea JJ. IL-21 is produced by Th17 cells
and drives IL-17 production in a STAT3-dependent manner. J Biol Chem. (2007)
282:34605–10. doi: 10.1074/jbc.M705100200

32.Wang C, Liu X, Peng Q, Fang L,Wang C, Li Z, et al. Meta analysis of the effect
of enhanced hand hygiene on the morbidity of ventilator-associated pneumonia.
Zhonghua Wei Zhong Bing Ji Jiu Yi Xue. (2014) 26:860–4.

33. Li S, Wu Z, Li L, Liu X. Interleukin-6 (IL-6) receptor
antagonist protects against rheumatoid arthritis. Med Sci Monit. (2016)
22:2113–8. doi: 10.12659/MSM.896355

34. Abdel-Moneim A, Bakery HH, Allam G. The potential pathogenic role of IL-
17/Th17 cells in both type 1 and type 2 diabetes mellitus. Biomed Pharmacother.
(2018) 101:287–92. doi: 10.1016/j.biopha.2018.02.103

35. Hue S, Ahern P, Buonocore S, Kullberg MC, Cua DJ, McKenzie BS, et al.
Interleukin-23 drives innate and T cell-mediated intestinal inflammation. J Exp
Med. (2006) 203:2473–83. doi: 10.1084/jem.20061099

36. Abbas A, Gregersen I, Holm S, Daissormont I, Bjerkeli V, Krohg-
Sørensen K, et al. Interleukin 23 levels are increased in carotid atherosclerosis:
possible role for the interleukin 23/interleukin 17 axis. Stroke. (2015) 46:793–
9. doi: 10.1161/STROKEAHA.114.006516

Frontiers inCardiovascularMedicine 08 frontiersin.org

https://doi.org/10.3389/fcvm.2022.929078
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1097/MOL.0b013e32833b7756
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1056/NEJMra1216063
https://doi.org/10.1016/j.jacc.2017.09.028
https://doi.org/10.1016/j.immuni.2017.09.008
https://doi.org/10.1007/978-1-4939-2929-0_12
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1155/2016/1720827
https://doi.org/10.1161/01.ATV.0000245830.29764.84
https://doi.org/10.1016/j.molmed.2016.01.001
https://doi.org/10.3389/fcvm.2021.667768
https://doi.org/10.4049/jimmunol.1000116
https://doi.org/10.1161/CIRCULATIONAHA.108.827618
https://doi.org/10.4049/jimmunol.1400181
https://doi.org/10.1089/jir.2019.0034
https://doi.org/10.1016/j.autrev.2017.07.009
https://doi.org/10.1038/s41374-021-00629-y
https://doi.org/10.1016/j.atherosclerosis.2010.03.034
https://doi.org/10.4049/jimmunol.0901126
https://doi.org/10.1161/ATVBAHA.107.159327
https://doi.org/10.1172/JCI11871
https://doi.org/10.1111/sji.12030
https://doi.org/10.4049/jimmunol.179.10.6504
https://doi.org/10.1016/j.cytogfr.2012.04.001
https://doi.org/10.1161/ATVBAHA.111.229435
https://doi.org/10.1177/1358863X20977662
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1155/2016/6309219
https://doi.org/10.1074/jbc.M705100200
https://doi.org/10.12659/MSM.896355
https://doi.org/10.1016/j.biopha.2018.02.103
https://doi.org/10.1084/jem.20061099
https://doi.org/10.1161/STROKEAHA.114.006516
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Wang et al. 10.3389/fcvm.2022.929078

37. Eyerich S, Eyerich K, Pennino D, Carbone T, Nasorri F, Pallotta S, et al. Th22
cells represent a distinct human T cell subset involved in epidermal immunity and
remodeling. J Clin Invest. (2009) 119:3573–85. doi: 10.1172/JCI40202

38. Basu R, O’Quinn DB, Silberger DJ, Schoeb TR, Fouser L,
Ouyang W, et al. Th22 cells are an important source of IL-22 for
host protection against enteropathogenic bacteria. Immunity. (2012)
37:1061–75. doi: 10.1016/j.immuni.2012.08.024

39. Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, et al. Interleukin-
22 mediates early host defense against attaching and effacing bacterial pathogens.
Nat Med. (2008) 14:282–9. doi: 10.1038/nm1720

40. Shi L, Ji Q, Liu L, Shi Y, Lu Z, Ye J, et al. IL-22 produced
by Th22 cells aggravates atherosclerosis development in ApoE-/- mice by
enhancing DC-induced Th17 cell proliferation. J Cell Mol Med. (2020) 24:3064–
78. doi: 10.1111/jcmm.14967

41. Garshick MS, Barrett TJ, Wechter T, Azarchi S, Scher JU, Neimann A, et al.
Inflammasome signaling and impaired vascular health in psoriasis. Arterioscler
Thromb Vasc Biol. (2019) 39:787–98. doi: 10.1161/ATVBAHA.118.312246

42. Greb JE, Goldminz AM, Elder JT, Lebwohl MG, Gladman DD, Wu JJ, et al.
Psoriasis. Nat Rev Dis Primers. (2016) 2:16082. doi: 10.1038/nrdp.2016.82

43. Huang LH, Zinselmeyer BH, Chang CH, Saunders BT, Elvington
A, Baba O, et al. Interleukin-17 drives interstitial entrapment of tissue
lipoproteins in experimental psoriasis. Cell Metabolism. (2019) 29(2), 475–
487.e7. doi: 10.1016/j.cmet.2018.10.006

44. Engelbertsen D, Depuydt M, Verwilligen R, Rattik S, Levinsohn E, Edsfeldt
A, et al. IL-23R deficiency does not impact atherosclerotic plaque development in
mice. J Am Heart Assoc. (2018) 7:e008257. doi: 10.1161/JAHA.117.008257

45. Ahlehoff O, Skov L, Gislason G, Gniadecki R, Iversen L, Bryld LE, et al.
Cardiovascular outcomes and systemic anti-inflammatory drugs in patients with
severe psoriasis: 5-year follow-up of a Danish nationwide cohort. J Eur Acad
Dermatol Venereol. (2015) 29:1128–34. doi: 10.1111/jdv.12768

46. Marovt M, Marko PB, Pirnat M, Ekart R. Effect of biologics targeting
interleukin-23/-17 axis on subclinical atherosclerosis: results of a pilot study. Clin
Exp Dermatol. (2020) 45:560–4. doi: 10.1111/ced.14180

47. Libby P, Ordovas JM, Auger KR, Robbins AH, Birinyi LK, Dinarello
CA. Endotoxin and tumor necrosis factor induce interleukin-1 gene expression
in adult human vascular endothelial cells. Am J Pathol. (1986) 124:179–
85. doi: 10.1172/JCI112732

48. Vromman A, Ruvkun V, Shvartz E, Wojtkiewicz G, Santos Masson
G, Tesmenitsky Y, et al. Stage-dependent differential effects of interleukin-
1 isoforms on experimental atherosclerosis. Eur Heart J. (2019) 40:2482–
91. doi: 10.1093/eurheartj/ehz008

49. Engelbertsen D, Rattik S, Wigren M, Vallejo J, Marinkovic G, Schiopu A,
et al. IL-1R and MyD88 signalling in CD4+ T cells promote Th17 immunity and
atherosclerosis. Cardiovasc Res. (2018) 114:180–7. doi: 10.1093/cvr/cvx196

50. Shimada K, Porritt RA, Markman JL, O’Rourke JG, Wakita D,
Noval Rivas M, et al. T-cell-intrinsic receptor interacting protein 2
regulates pathogenic T helper 17 cell differentiation. Immunity. (2018)
49:873–885.e7. doi: 10.1016/j.immuni.2018.08.022

51. Khokha R, Murthy A, Weiss A. Metalloproteinases and their natural
inhibitors in inflammation and immunity. Nat Rev Immunol. (2013) 13:649–
65. doi: 10.1038/nri3499

52. Brauner S, Jiang X, Thorlacius GE, Lundberg AM, Östberg T, Yan ZQ,
et al. Augmented Th17 differentiation in Trim21 deficiency promotes a stable
phenotype of atherosclerotic plaques with high collagen content. Cardiovasc Res.
(2018) 114:158–67. doi: 10.1093/cvr/cvx181

53. Ortiz-Muñoz G, Martin-Ventura JL, Hernandez-Vargas P, Mallavia B, Lopez-
Parra V, Lopez-Franco O, et al. Suppressors of cytokine signaling modulate
JAK/STAT-mediated cell responses during atherosclerosis. Arterioscler Thromb
Vasc Biol. (2009) 29:525–31. doi: 10.1161/ATVBAHA.108.173781

54. Taleb S, Romain M, Ramkhelawon B, Uyttenhove C, Pasterkamp G, Herbin
O, et al. Loss of SOCS3 expression in T cells reveals a regulatory role for interleukin-
17 in atherosclerosis. J Exp Med. (2009) 206:2067–77. doi: 10.1084/jem.20090545

55. Danzaki K, Matsui Y, Ikesue M, Ohta D, Ito K, Kanayama M, et al.
Interleukin-17A deficiency accelerates unstable atherosclerotic plaque formation
in apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol. (2012) 32:273–
80. doi: 10.1161/ATVBAHA.111.229997

56. Saigusa R, Winkels H, Ley K. T cell subsets and functions in atherosclerosis.
Nat Rev Cardiol. (2020) 17:387–401. doi: 10.1038/s41569-020-0352-5

57. Sakaguchi S, Mikami N, Wing JB, Tanaka A, Ichiyama K, Ohkura N.
Regulatory T cells and human disease. Annu Rev Immunol. (2020) 38:541–
66. doi: 10.1146/annurev-immunol-042718-041717

58. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nat Immunol. (2003) 4:330–
6. doi: 10.1038/ni904

59. Ait-Oufella H, Salomon BL, Potteaux S, Robertson AK, Gourdy P, Zoll J, et al.
Natural regulatory T cells control the development of atherosclerosis in mice. Nat
Med. (2006) 12:178–80. doi: 10.1038/nm1343

60. Gao X, Lin J, Zheng Y, Liu S, Liu C, Liu T, et al. Type 2 innate lymphoid
cells regulation by regulatory T cells attenuates atherosclerosis. J Mol Cell Cardiol.
(2020) 145:99–111. doi: 10.1016/j.yjmcc.2020.05.017

61. Spitz C, Winkels H, Bürger C, Weber C, Lutgens E, Hansson
GK, et al. Regulatory T cells in atherosclerosis: critical immune
regulatory function and therapeutic potential. Cell Mol Life Sci. (2016)
73:901–22. doi: 10.1007/s00018-015-2080-2

62. Tiemessen MM, Jagger AL, Evans HG, van Herwijnen MJ, John S, Taams
LS. CD4+CD25+Foxp3+ regulatory T cells induce alternative activation of
human monocytes/macrophages. Proc Natl Acad Sci U.S.A. (2007) 104:19446–
51. doi: 10.1073/pnas.0706832104

63. Romano M, Fanelli G, Tan N, Nova-Lamperti E, McGregor R, Lechler
RI, et al. Expanded regulatory T cells induce alternatively activated monocytes
with a reduced capacity to expand T helper-17 cells. Front Immunol. (2018)
9:1625. doi: 10.3389/fimmu.2018.01625

64. Meng X, Li W, Yang J, Zhang K, Qin W, An G, et al. Regulatory T cells
prevent plaque disruption in apolipoprotein E-knockout mice. Int J Cardiol. (2013)
168:2684–92. doi: 10.1016/j.ijcard.2013.03.026

65. Ouyang W, O’Garra A. IL-10 Family cytokines IL-10 and
IL-22: from basic science to clinical translation. Immunity. (2019)
50:871–91. doi: 10.1016/j.immuni.2019.03.020

66. Mallat Z, Besnard S, Duriez M, Deleuze V, Emmanuel F, Bureau MF,
et al. Protective role of interleukin-10 in atherosclerosis. Circ Res. (1999) 85:e17–
24. doi: 10.1161/01.RES.85.8.e17

67. Caligiuri G, Rudling M, Ollivier V, Jacob MP, Michel JB, Hansson GK,
et al. Interleukin-10 deficiency increases atherosclerosis, thrombosis, and low-
density lipoproteins in apolipoprotein E knockout mice. Mol Med. (2003) 9:10–
7. doi: 10.1007/BF03402102

68. Fourman LT, Saylor CF, Cheru L, Fitch K, Looby S, Keller K, et al.
Anti-inflammatory interleukin 10 inversely relates to coronary atherosclerosis
in persons with human immunodeficiency virus. J Infect Dis. (2020) 221:510–
5. doi: 10.1093/infdis/jiz254

69. Liu Y, Li D, Chen J, Xie J, Bandyopadhyay S, Zhang D, et al.
Inhibition of atherogenesis in LDLR knockout mice by systemic
delivery of adeno-associated virus type 2-hIL-10. Atherosclerosis. (2006)
188:19–27. doi: 10.1016/j.atherosclerosis.2005.10.029

70. KimM, Sahu A, Hwang Y, Kim GB, Nam GH, Kim IS, et al. Targeted delivery
of anti-inflammatory cytokine by nanocarrier reduces atherosclerosis in Apo E-/-
mice. Biomaterials. (2020) 226:119550. doi: 10.1016/j.biomaterials.2019.119550

71. Li X, Fang P, Sun Y, Shao Y, Yang WY, Jiang X, et al. Anti-inflammatory
cytokines IL-35 and IL-10 block atherogenic lysophosphatidylcholine-
induced, mitochondrial ROS-mediated innate immune activation, but spare
innate immune memory signature in endothelial cells. Redox Biol. (2020)
28:101373. doi: 10.1016/j.redox.2019.101373

72. Li X, Shao Y, Sha X, Fang P, Kuo YM, Andrews AJ, et al. IL-
35 (Interleukin-35) suppresses endothelial cell activation by inhibiting
mitochondrial reactive oxygen species-mediated site-specific acetylation
of H3K14 (Histone 3 Lysine 14). Arterioscler Thromb Vasc Biol. (2018)
38:599–609. doi: 10.1161/ATVBAHA.117.310626

73. Tao L, Zhu J, Chen Y, Wang Q, Pan Y, Yu Q, et al. IL-35 improves Treg-
mediated immune suppression in atherosclerotic mice. Exp Ther Med. (2016)
12:2469–76. doi: 10.3892/etm.2016.3649

74. Shao Y, Yang WY, Saaoud F, Drummer C, Sun Y, Xu K, et al.
IL-35 promotes CD4+Foxp3+ Tregs and inhibits atherosclerosis via
maintaining CCR5-amplified Treg-suppressive mechanisms. JCI Insight. (2021)
6:e152511. doi: 10.1172/jci.insight.152511

75. Lucca LE, Dominguez-Villar M. Modulation of regulatory T cell function
and stability by co-inhibitory receptors. Nat Rev Immunol. (2020) 20:680–
93. doi: 10.1038/s41577-020-0296-3

76. Miller MD, Hata S, De Waal Malefyt R, Krangel MS. A novel polypeptide
secreted by activated human T lymphocytes. J Immunol. (1989) 143:2907–16.

77. Haque NS, Zhang X, French DL, Li J, Poon M, Fallon JT, et al.
CC chemokine I-309 is the principal monocyte chemoattractant induced by
apolipoprotein(a) in human vascular endothelial cells.Circulation. (2000) 102:786–
92. doi: 10.1161/01.CIR.102.7.786

Frontiers inCardiovascularMedicine 09 frontiersin.org

https://doi.org/10.3389/fcvm.2022.929078
https://doi.org/10.1172/JCI40202
https://doi.org/10.1016/j.immuni.2012.08.024
https://doi.org/10.1038/nm1720
https://doi.org/10.1111/jcmm.14967
https://doi.org/10.1161/ATVBAHA.118.312246
https://doi.org/10.1038/nrdp.2016.82
https://doi.org/10.1016/j.cmet.2018.10.006
https://doi.org/10.1161/JAHA.117.008257
https://doi.org/10.1111/jdv.12768
https://doi.org/10.1111/ced.14180
https://doi.org/10.1172/JCI112732
https://doi.org/10.1093/eurheartj/ehz008
https://doi.org/10.1093/cvr/cvx196
https://doi.org/10.1016/j.immuni.2018.08.022
https://doi.org/10.1038/nri3499
https://doi.org/10.1093/cvr/cvx181
https://doi.org/10.1161/ATVBAHA.108.173781
https://doi.org/10.1084/jem.20090545
https://doi.org/10.1161/ATVBAHA.111.229997
https://doi.org/10.1038/s41569-020-0352-5
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1038/ni904
https://doi.org/10.1038/nm1343
https://doi.org/10.1016/j.yjmcc.2020.05.017
https://doi.org/10.1007/s00018-015-2080-2
https://doi.org/10.1073/pnas.0706832104
https://doi.org/10.3389/fimmu.2018.01625
https://doi.org/10.1016/j.ijcard.2013.03.026
https://doi.org/10.1016/j.immuni.2019.03.020
https://doi.org/10.1161/01.RES.85.8.e17
https://doi.org/10.1007/BF03402102
https://doi.org/10.1093/infdis/jiz254
https://doi.org/10.1016/j.atherosclerosis.2005.10.029
https://doi.org/10.1016/j.biomaterials.2019.119550
https://doi.org/10.1016/j.redox.2019.101373
https://doi.org/10.1161/ATVBAHA.117.310626
https://doi.org/10.3892/etm.2016.3649
https://doi.org/10.1172/jci.insight.152511
https://doi.org/10.1038/s41577-020-0296-3
https://doi.org/10.1161/01.CIR.102.7.786
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Wang et al. 10.3389/fcvm.2022.929078

78. Haque NS, Fallon JT, Pan JJ, Taubman MB, Harpel PC.
Chemokine receptor-8 (CCR8) mediates human vascular smooth
muscle cell chemotaxis and metalloproteinase-2 secretion. Blood. (2004)
103:1296–304. doi: 10.1182/blood-2002-05-1480

79. Bernardini G, Spinetti G, Ribatti D, Camarda G, Morbidelli
L, Ziche M, et al. I-309 binds to and activates endothelial cell
functions and acts as an angiogenic molecule in vivo. Blood. (2000)
96:4039–45. doi: 10.1182/blood.V96.13.4039.h8004039_4039_4045

80. Barsheshet Y, Wildbaum G, Levy E, Vitenshtein A, Akinseye C, Griggs J, et al.
CCR8+FOXp3+Treg cells as master drivers of immune regulation. Proc Natl Acad
Sci U.S.A. (2017) 114:6086–91. doi: 10.1073/pnas.1621280114

81. Vila-Caballer M, González-Granado JM, Zorita V, Abu Nabah YN, Silvestre-
Roig C, Del Monte-Monge A, et al. Disruption of the CCL1-CCR8 axis inhibits
vascular Treg recruitment and function and promotes atherosclerosis in mice. J
Mol Cell Cardiol. (2019) 132:154–63. doi: 10.1016/j.yjmcc.2019.05.009

82. Butcher MJ, Filipowicz AR, Waseem TC, McGary CM, Crow KJ,
Magilnick N, et al. Atherosclerosis-driven treg plasticity results in formation of
a dysfunctional subset of plastic IFNγ+Th1/Tregs. Circ Res. (2016) 119:1190–
203. doi: 10.1161/CIRCRESAHA.116.309764

83. Wolf D, Gerhardt T, Winkels H, Michel NA, Pramod AB, Ghosheh
Y, et al. Pathogenic autoimmunity in atherosclerosis evolves from initially
protective apolipoprotein B100-reactive CD4+ T-regulatory cells. Circulation.
(2020) 142:1279–93. doi: 10.1161/CIRCULATIONAHA.119.042863

84. Tan TG, Mathis D, Benoist C. Singular role for T-BET+CXCR3+ regulatory
T cells in protection from autoimmune diabetes. Proc Natl Acad Sci U.S.A. (2016)
113:14103–8. doi: 10.1073/pnas.1616710113

85. Zheng Y, Chaudhry A, Kas A, de Roos P, Kim JM, Chu TT, et al. Regulatory
T-cell suppressor program co-opts transcription factor IRF4 to control T(H)2
responses. Nature. (2009) 458:351–56. doi: 10.1038/nature07674

86. Bovenschen HJ, van de Kerkhof PC, van Erp PE, Woestenenk R, Joosten I,
Koenen HJ. Foxp3+ regulatory T cells of psoriasis patients easily differentiate into
IL-17A-producing cells and are found in lesional skin. J Invest Dermatol. (2011)
131:1853–60. doi: 10.1038/jid.2011.139

87. Hall AO, Beiting DP, Tato C, John B, Oldenhove G, Lombana CG,
et al. The cytokines interleukin 27 and interferon-γ promote distinct Treg cell
populations required to limit infection-induced pathology. Immunity. (2012)
37:511–23. doi: 10.1016/j.immuni.2012.06.014

88. Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, Fehervari
Z, et al. Foxp3+ CD25+ CD4+ natural regulatory T cells in
dominant self-tolerance and autoimmune disease. Immunol Rev. (2006)
212:8–27. doi: 10.1111/j.0105-2896.2006.00427.x

89. Bettelli E, Oukka M, Kuchroo VK. T(H)-17 cells in the circle of immunity
and autoimmunity. Nat Immunol. (2007) 8:345–50. doi: 10.1038/ni0407-345

90. Xie JJ, Wang J, Tang TT, Chen J, Gao XL, Yuan J, et al. The Th17/Treg
functional imbalance during atherogenesis in ApoE−/− mice. Cytokine. (2010)
49:185–93. doi: 10.1016/j.cyto.2009.09.007

91. Zhu M, Mo H, Li D, Luo X, Zhang L. Th17/Treg imbalance
induced by increased incidence of atherosclerosis in patients with
systemic lupus erythematosus (SLE). Clin Rheumatol. (2013) 32:1045–
52. doi: 10.1007/s10067-013-2237-z

92. Ren J, Li B. The functional stability of FOXP3 and RORγt in Treg and
Th17 and their therapeutic applications. Adv Protein Chem Struct Biol. (2017)
107:155–89. doi: 10.1016/bs.apcsb.2016.10.002

93. Testi R, D’Ambrosio D, De Maria R, Santoni A. The CD69 receptor: a
multipurpose cell-surface trigger for hematopoietic cells. Immunol Today. (1994)
15:479–83. doi: 10.1016/0167-5699(94)90193-7

94. Laffón A, García-Vicuña R, Humbría A, Postigo AA, Corbí AL, de Landázuri
MO, et al. Upregulated expression and function of VLA-4 fibronectin receptors
on human activated T cells in rheumatoid arthritis. J Clin Invest. (1991) 88:546–
52. doi: 10.1172/JCI115338

95. Sánchez-Díaz R, Blanco-Dominguez R, Lasarte S, Tsilingiri K, Martín-Gayo
E, Linillos-Pradillo B, et al. Thymus-derived regulatory T cell development is
regulated by C-type lectin-mediated BIC/MicroRNA 155 expression.Mol Cell Biol.
(2017) 37:e00341-16. doi: 10.1128/MCB.00341-16

96. Tsilingiri K, de la Fuente H, Relaño M, Sánchez-Díaz R, Rodríguez C,
Crespo J, et al. Oxidized low-density lipoprotein receptor in lymphocytes prevents
atherosclerosis and predicts subclinical disease. Circulation. (2019) 139:243–
255. doi: 10.1161/CIRCULATIONAHA.118.034326

97. Witztum JL, Lichtman AH. The influence of innate and adaptive
immune responses on atherosclerosis. Annu Rev Pathol. (2014)
9:73–102. doi: 10.1146/annurev-pathol-020712-163936

98. Huang Y, Hu H, Liu L, Ye J, Wang Z, Que B, et al. Interleukin-12p35
deficiency reverses the Th1/Th2 imbalance, aggravates the Th17/Treg imbalance,
and ameliorates atherosclerosis in ApoE−/− Mice. Mediators Inflamm. (2019)
2019:3152040. doi: 10.1155/2019/3152040

99. Ye J, Huang Y, Que B, Chang C, Liu W, Hu H, et al. Interleukin-12p35 knock
out aggravates doxorubicin-induced cardiac injury and dysfunction by aggravating
the inflammatory response, oxidative stress, apoptosis and autophagy in mice.
EBioMed. (2018) 35:29–39. doi: 10.1016/j.ebiom.2018.06.009

100. Cheong JE, Sun L. Targeting the IDO1/TDO2-KYN-AhR pathway for
cancer immunotherapy - challenges and opportunities. Trends Pharmacol Sci.
(2018) 39:307–25. doi: 10.1016/j.tips.2017.11.007

101. Yang J, Hao T, Liu Y, Huang J, Wu W, Wu J, et al.
Th17/Treg balance and indoleamine 2,3 dioxygenase activity in
periodontitis-associated atherosclerotic patients. J Int Med Res. (2022)
50:3000605221080877. doi: 10.1177/03000605221080877

102. Tian Y, Chen T, Wu Y, Yang L, Wang L, Fan X, et al. Pioglitazone stabilizes
atherosclerotic plaque by regulating the Th17/Treg balance in AMPK-dependent
mechanisms. Cardiovasc Diabetol. (2017) 16:140. doi: 10.1186/s12933-017-
0623-6

103. Fan Q, Liu Y, Rao J, Zhang Z, Xiao W, Zhu T, et al. Anti-atherosclerosis
effect of angong niuhuang pill via regulating Th17/Treg immune balance and
inhibiting chronic inflammatory on ApoE−/− mice model of early and mid-
term atherosclerosis. Front Pharmacol. (2020) 10:1584. doi: 10.3389/fphar.2019.
01584

104. Chen PB, Black AS, Sobel AL, Zhao Y, Mukherjee P, Molparia
B, et al. Directed remodeling of the mouse gut microbiome inhibits
the development of atherosclerosis. Nat Biotechnol. (2020) 38:1288–
97. doi: 10.1038/s41587-020-0549-5

105. Yeh CF, Chen YH, Liu SF, Kao HL, Wu MS, Yang KC, et al. Mutual
interplay of host immune system and gut microbiota in the immunopathology
of atherosclerosis. Int J Mol Sci. (2020) 21:8729. doi: 10.3390/ijms212
28729

106. Chen P, Tang X. Gut microbiota as regulators of Th17/Treg
balance in patients with myasthenia gravis. Front Immunol. (2021)
12:803101. doi: 10.3389/fimmu.2021.803101

Frontiers inCardiovascularMedicine 10 frontiersin.org

https://doi.org/10.3389/fcvm.2022.929078
https://doi.org/10.1182/blood-2002-05-1480
https://doi.org/10.1182/blood.V96.13.4039.h8004039_4039_4045
https://doi.org/10.1073/pnas.1621280114
https://doi.org/10.1016/j.yjmcc.2019.05.009
https://doi.org/10.1161/CIRCRESAHA.116.309764
https://doi.org/10.1161/CIRCULATIONAHA.119.042863
https://doi.org/10.1073/pnas.1616710113
https://doi.org/10.1038/nature07674
https://doi.org/10.1038/jid.2011.139
https://doi.org/10.1016/j.immuni.2012.06.014
https://doi.org/10.1111/j.0105-2896.2006.00427.x
https://doi.org/10.1038/ni0407-345
https://doi.org/10.1016/j.cyto.2009.09.007
https://doi.org/10.1007/s10067-013-2237-z
https://doi.org/10.1016/bs.apcsb.2016.10.002
https://doi.org/10.1016/0167-5699(94)90193-7
https://doi.org/10.1172/JCI115338
https://doi.org/10.1128/MCB.00341-16
https://doi.org/10.1161/CIRCULATIONAHA.118.034326
https://doi.org/10.1146/annurev-pathol-020712-163936
https://doi.org/10.1155/2019/3152040
https://doi.org/10.1016/j.ebiom.2018.06.009
https://doi.org/10.1016/j.tips.2017.11.007
https://doi.org/10.1177/03000605221080877
https://doi.org/10.1186/s12933-017-0623-6
https://doi.org/10.3389/fphar.2019.01584
https://doi.org/10.1038/s41587-020-0549-5
https://doi.org/10.3390/ijms21228729
https://doi.org/10.3389/fimmu.2021.803101
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

	Research progress on Th17 and T regulatory cells and their cytokines in regulating atherosclerosis
	Th17 cells
	IL-17 promotes atherosclerosis development
	IL-17 mediates atherosclerosis-related mechanisms
	IL-17 induces VCAM-1 expression in vascular SMCs to promote atherosclerosis
	Multiple cytokines regulate IL-17 expression
	IL-6
	IL-23
	Other cytokines


	IL-17 plays a protective role in atherosclerosis

	Tregs play a protective role in atherosclerosis
	Antiatherosclerotic effects of IL-10
	IL-35 regulates tregs to play a protective role in atherosclerosis
	Other cytokines that regulate Treg function

	The role of the Th17/Treg balance in atherosclerosis
	Conclusions and prospects
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


