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Abstract

Although the early outcome of acute coronary syndrome (ACS) has considerably improved in the 

last decade, cardiovascular diseases still represent the main cause of morbidity and mortality 

worldwide. This is mainly due to the fact that recurrence of ACS eventually leads to the pandemics 

of heart failure and sudden cardiac death, thus calling for a reappraisal of the mechanisms 

responsible for coronary instability. In this review, we will discuss recent advances in our 

understanding of how adaptive immunity contributes to the pathogenesis of ACS, as well as the 

clinical implications that arise from these new pathogenic concepts.
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Introduction

In patients with acute coronary syndromes (ACS) and systemic evidence of inflammation, 

the higher frequency of activated T-cells compared with stable angina (1–4) suggests that the 

sudden changes leading to coronary instability might be related to mechanisms involving T-

cell immunity. In this review, we will discuss recent advances in our understanding of how 

adaptive immunity contributes to the pathogenesis of ACS.

Helper T-cell dysregulation in ACS

Helper T-cells (CD4+ lymphocytes) are the key regulators of adaptive immunity. Following 

T-cell receptor (TCR) activation by antigen-presenting cells (APCs), T-cells differentiate 

into functionally polarized helper T-cells, classified according to cytokine production, 

surface markers, and the expression of lineage-specifying transcription factors. The cytokine 

environment controls the induction of different T-cell subsets by the amount of antigen and 

by TCR-mediated signal strength (5,6). The principal helper T-cell subsets are the Th1, Th2, 
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Th17, and follicular helper (Tfh) CD4+ T-cells. Moreover, a subpopulation of Th1 cells, 

characterized by defective cell surface expression of the costimulatory molecule CD28, is 

expanded in different chronic inflammatory conditions (7). Emerging subsets of helper T-

cells are Th22 (characterized by interleukin [IL]-22 production) and Th9 (producing IL-9) 

cells (6), but their role in ACS is still uncertain.

ACS patients have a skewed T-cell differentiation, oriented towards aggressive effector 

phenotypes and defective regulatory T-cells, the lymphocyte compartment able to suppress 

the excessive immune response (Table 1). Overall, such T-cell abnormalities characterize 

about half of ACS patients (8). In this subset of ACS patients, helper T-cell dysregulation 

might affect the biological outcome of the immune response and contribute to plaque 

destabilization through multiple damaging pathways (Figure 1).

Th1 cells

Th1 cells are characterized by the production of interferon-gamma (IFN-γ) and by the 

expression of the transcription factor T-bet. They contribute to tissue destruction and 

participate in the pathophysiology of autoimmune diseases, such as rheumatoid arthritis 

(RA) and inflammatory vascular diseases (6). The importance of Th1 and IFN-γ in 

atherosclerosis progression is well described in animal models (2), whereas their role in 

plaque destabilization is suggested by numerous studies, showing a marked increase in Th1 

frequency and increased expression of Th1-related effectors, such as IFN-γ, signal 

transducer and activator of transcription (STAT)-4, and T-bet in patients with ACS (9–13). 

IFN-γ can contribute to plaque destabilization in several ways: by the recruitment and 

activation of macrophages in the atherosclerotic lesions; by reducing collagen synthesis; by 

increasing the production of extracellular matrix-degrading proteins; and by activating APCs 

(14). Furthermore, the increased IFN-γ expression induces a positive feed-forward loop of 

Th1 induction, keeping a proinflammatory state.

When activated in the intima, Th1 cells produce proinflammatory cytokines and enhance the 

expression of CD40 ligand. Ligation of CD40 on APCs by CD40 ligand induces release of 

extracellular matrix-degrading metalloproteinases and the expression of tissue factor, the key 

initiator of the coagulation cascade, which has been well documented in experimental 

models (14).

CD4+CD28null T-cells are distinct from classic helper T-cells in several respects. This 

terminally differentiated subpopulation shows an increased resistance to apoptosis and a 

wide range of proinflammatory properties (7). The proinflammatory functions of 

CD4+CD28null T-cells include the production of high levels of IFN-γ, tumor necrosis factor-

alpha (TNF-α), and IL-2 (9) to direct cytotoxic ability (15). Indeed, they express killer 

immunoglobulin (Ig)-like receptors and directly kill endothelial cells in vitro by cytolytic 

enzymes, such as perforin, granzyme A, and granzyme B, that are usually present in killer T-

cells and natural killer (NK) cells. Several studies showed the association of CD4+CD28null 

T-cells with infections and chronic inflammatory diseases, particularly rheumatoid arthritis. 

CD4+CD28null T-cells are present preferentially in unstable ruptured atherosclerotic plaques 

(4), and their frequency significantly increases the risk of ACS (8,16), particularly in patients 

with diabetes (17).
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In ACS patients, CD4+CD28null T-cells circulating in the peripheral blood and infiltrating 

the unstable atherosclerotic plaque show high levels of the costimulatory receptors OX40 

and 4-1BB, which mediate IFN-γ and TNF-α production, and modulate cell degranulation 

(18), as well as increased resistance to apoptosis (19). Overall, these molecular 

abnormalities could enhance the inflammatory and cytotoxic function of CD4+CD28null T-

cells, and could contribute to atherosclerotic plaque destabilization. One study failed to 

replicate the differences in CD4+CD28null T-cells from ACS and controls in patients treated 

with high-dose statins (20).

Th17 cells

Th17 cells are characterized by the expression of retinoid-related orphan receptor (ROR)γt, 

the master regulator transcription factor responsible for IL-17 production. This T-cell subset, 

implicated in several autoimmune disorders, is important in the immune responses against 

fungi and extracellular bacteria (6). The precise role of IL-17 in atherosclerosis and ACS 

remains controversial, as discussed in detail in a recent editorial (21). On the one hand, 

experimental studies in mouse models have provided direct evidence that IL-17 is 

predominantly proatherogenic; on the other hand, these cells promote procollagen 

expression, which might reduce the risk of fibrous cap fissure (22).

Similarly, in the clinical setting, the Th17 subset is expanded in ACS patients (8,23), and the 

Th17/regulatory T-cell (Treg) balance might play a role in the development of inflammatory 

disorders, including atherosclerosis, and autoimmune diseases; however, in a cohort of ACS 

patients, lower serum levels of IL-17 were associated with a higher risk of major 

cardiovascular events (24). In conclusion, the issue of whether Th17 cells are protective or 

detrimental in ACS remains unsettled.

Tregs

Tregs are a subset of CD4+ T-cells able to suppress the immune response. These 

lymphocytes are characterized by expression of the transcription factor Foxp3, by high 

levels of the IL2 receptor CD25, and by down-regulation of the surface molecule CD127 (6). 

Tregs induce immunosuppression through multiple mechanisms, including production of the 

anti-inflammatory cytokines IL-10 and transforming growth factor-beta (TGF-β), direct 

cytolysis, and inhibition of dendritic cell (DC) maturation and function (6). In experimental 

atherosclerosis, the role of Tregs is well appreciated. Indeed, this T-cell subpopulation 

inhibits atherosclerosis development and progression by suppressing effector T-cell 

responses (25). Recently published data have consistently demonstrated a defective Treg 

compartment in the peripheral blood of ACS patients. ACS patients show low levels of 

circulating Tregs, a reduced suppressive efficiency of Tregs, and increased Treg 

susceptibility to apoptosis (26–29).

B cells

The contribution of B cells in autoimmunity is well recognized, and their function has been 

evaluated in various animal models of atherosclerosis (30). B1a cells and their secretion of 

IgM seem to mediate the protective effects of B cells, whereas B2 cells are proatherogenic 

through modulation of T-cell dependent mechanisms. Consistent with this hypothesis, the 
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lack of B cell-activating factor receptor (BAFFR), which is critical for maintaining mature 

B2 cells, substantially mitigates atherosclerosis in LDL receptor-deficient (Ldlr−/−) mice by 

altering mature B2 cell-dependent cellular and humoral immune responses, while preserving 

the B1a cell subtype and production of natural IgM antibodies (31). The discovery of a new 

B cell subtype, the regulatory B cell (Breg), which secretes IL-10 and TGFβ, and affects 

Treg development, has revealed that inhibition of anti-inflammatory activity, is another 

mechanism by which B cells can influence autoimmunity and thereby atherosclerosis. 

Moreover, antibodies against several oxidation-specific epitopes of low-density lipoprotein 

(LDL) and other atherosclerosis-related antigens are found in animals and humans, both in 

the circulation and in atherosclerotic plaques, and are also found in ACS patients (32). 

Although the mechanisms by which these antibodies act remain unclear, many experimental 

atherosclerosis studies have shown that vaccination is protective, and that the protective 

effects of vaccination can be mediated by the induction of protective Treg responses and 

protective antibodies (33).

TCR signaling alterations in ACS

The first step in lymphocyte activation is TCR binding with specific peptides presented by 

APCs. TCR triggering initiates a cascade of phosphorylation events, culminating in the 

activation and nuclear translocation of transcription factors. A complex molecular 

coordination is required, including positive and negative feedback loops necessary to avoid 

lymphocyte hyper-reactivity and the breaking of immune tolerance. The proper tuning of 

TCR signaling is also critical for T-cell differentiation. Indeed, in addition to the cytokine 

environment, the induction of different T helper cell lineages is driven by TCR-mediated 

signal strength (5). In patients with ACS, several abnormalities of TCR signaling have been 

identified (Table 2 and Figure 2).

CD4+ T-cells from ACS patients show an enhanced response to TCR stimulation (34–36) 

and have a lower setting of the T-cell activation threshold, attributable to enhanced 

amplification of proximal TCR-mediated signals. CD4+ T-cells show increased 

accumulation of CD3 complexes and zeta-chain-associated protein kinase of 70 kD (Zap70) 

in the immunological synapse, higher early tyrosine phosphorylation after TCR stimulation, 

and defective deactivation of the lymphocyte-specific protein tyrosine kinase (LCK) (34–

36). These abnormalities involving the upstream TCR signaling pathway strongly contribute 

to the higher cytotoxic ability of helper T-cells in ACS patients; indeed, CD4+ T-cells from 

ACS patients are able to kill endothelial and vascular smooth muscle cells in vitro (15,34).

Recent studies suggest a defect in the protective signals necessary for appropriate T-cell 

activation. Indeed, CD4+ T-cells from ACS patients exhibit reduced phosphorylation of 

Zap70 at its inhibitory residue Tyr-292 (36). This residue is implicated in TCR/CD3 

complex internalization, immunological synapse formation, and down-modulation of the 

proximal events in TCR signaling. ACS patients show also enhanced expression of the 

protein tyrosine phosphatase nonreceptor type 22 (PTPN22). This enzyme plays a key role 

in controlling the intensity of early TCR signal transduction acting on LCK and Zap70 (37). 

Although PTPN22 does not bind Tyr-292 of Zap70 directly, PTPN22 may be brought to 

phospho-Tyr-292 through binding of the SH2 domain of the c-Cbl ubiquitin ligase complex. 
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Thus, the reduced Zap70 Tyr-292 phosphorylation might be indirectly due to increased 

expression of PTPN22 by a c-Cbl-mediated mechanism. Defective regulation of TCR 

signaling and increased PTPN22 expression persist in ACS patients 1 year after the index 

event, during a stable phase of the disease, suggesting persistent lymphocyte hyper-reactivity 

(36).

CD31 is a member of the Ig superfamily of cell adhesion molecules expressed on most cells 

of the hematopoietic lineage, including platelets, monocytes, neutrophils, and a small 

population of T-cells. It plays an important role in the inflammatory response through the 

modulation of leukocyte activation, cytokine production, and the maintenance of vascular 

barrier integrity. CD31 is involved in TCR-signaling immunomodulation by reducing Zap70 

phosphorylation through the action of protein tyrosine phosphatases (38). Accordingly, loss 

of Ig-like domains 1 to 5 of CD31 prevents homophilic binding interactions and consequent 

activation of the CD31 immunoreceptor tyrosine-based inhibition motif (ITIM)/SHP2 

inhibitory pathway, finally leading to uncontrolled T-cell activation. CD31 has been 

implicated also in the development of atherosclerosis in animal models (39) and of its 

clinical complications in humans (40). ACS patients exhibit a transient reduction of CD31 

expression and function on CD4+ T-cells (41). In 1 study, the expression and function of 

CD31 on CD4+ T-cell subsets was higher in stable angina (SA) patients compared with 

controls and in ACS patients during the acute phase of the disease. Of note, after 1 year of 

follow-up, CD31 expression and function recovered in ACS, becoming similar to that 

observed in SA patients and higher than that in healthy controls. A similar pattern has been 

observed in the CD14+CD16+ monocyte subset (42). Taken together, these data suggest an 

enhanced CD31-mediated protective mechanism operating in SA patients, which is 

transiently down-regulated in ACS patients during the acute phase of the disease. Thus, 

CD31 might have a role in containing the immune response in patients with SA. In contrast, 

in patients with ACS, the protective function of CD31 is reduced during the acute phase of 

the disease, thus leading to the uncontrolled lymphocyte activation typically observed in a 

subset of ACS patients.

A critical downstream molecule activated by TCR triggering is the cyclic adenosine 

monophosphate response element-binding protein (CREB), a transcription factor believed to 

be particularly important for the generation and maintenance of Tregs, and for IL-2 and 

IL-10 production. CD4+ T-cells of ACS patients show reduced activation of CREB during 

the acute phase of the disease compared with SA patients and controls, which improves 

during follow-up (36). The observed transient expression of CD31 during ACS might 

explain the reduced activation of CREB. Indeed, the CD31-ITIM–SH2 phosphatase 

signaling pathway elicits the activity of extracellular signal-related kinase (ERK), which is 

involved also in CREB activation. In summary, the transiently reduced expression of CD31 

in the acute setting of ACS might contribute to reduced CREB activation, although CREB 

phosphorylation is regulated by several stimuli, in addition to TCR triggering.

Recently, the importance of the TCR signal strength in the differentiation of helper T-cell 

subsets has increasingly been defined (5). A lower setting of the T-cell activation threshold 

could affect the direction of T-cell differentiation, leading to the unbalanced expansion of the 

helper T-cell subset observed in ACS patients. Indeed, strong TCR signaling in the early 
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stages of lymphocyte activation promotes Th1 and Th17 differentiation, and negatively 

regulates Treg induction (5).

Lessons from autoimmune diseases

An increasing body of evidence supports the notion that atherosclerosis shares surprising 

similarities with other inflammatory/autoimmune diseases. Chronic autoimmune disorders, 

such as systemic lupus erythematosus (SLE) and RA, characterized by chronic relapsing-

remitting systemic inflammation, are recognized as risk factors for accelerated 

atherosclerosis. Therapies directed towards inflammatory process crucially reduce 

cardiovascular disease morbidity and mortality in SLE and RA patients (Figure 3). 

Furthermore, RA and other inflammatory diseases are associated with increased ACS 

incidence and poorer outcomes (43).

Helper T-cell dysregulation

It is tempting to speculate that CD4+CD28null T-cells are likely candidates for driving the 

accelerated atherosclerosis process observed in autoimmune disorders. Indeed, RA patients 

with high frequencies of CD4+CD28null T-cells have increased carotid artery intima-media 

thickness (IMT) and decreased flow-mediated vasodilatation (FMD) compared with RA 

patients in whom this T-cell subset does not expand. The mechanisms involved in 

CD4+CD28null T-cell expansion remain poorly understood. It has been suggested that CD28 

down-regulation is antigen-driven (44). An alternative hypothesis implicates inflammatory 

cytokines in CD4+CD28null T-cell expansion, as CD4+CD28null T-cell clones from RA 

patients down-regulated CD28 transcription following TNF-α treatment in vitro (45).

A large body of evidence supports the concept that an imbalance between Treg and Th17 

cells is a crucial aspect in the pathogenesis of RA. Although often contradictory, most 

studies agree that there is an overall depletion of Tregs and a parallel increase of Th17 cells 

in the peripheral blood and target organs in RA patients. In addition, intrinsic cell 

abnormalities involving genetic and epigenetic modifications may explain the defective 

suppressive activity of Tregs in RA.

TCR signaling alterations

Abnormalities in proximal TCR signaling have been implicated in autoimmunity, 

malignancy, and immunodeficiency. T-cell responsiveness in type 1 diabetes, SLE, and RA 

have been found to be abnormal, with a multitude of mechanisms involved, ranging from 

alterations in TCR/CD3 complex composition to excessive expression of costimulatory 

receptors (46).

A key role in controlling the intensity of TCR activation is played by protein phosphatases, 

signal transducing enzymes that dephosphorylate cellular phosphoproteins. PTPN22 is an 

interesting enzyme because genetic variants are associated with an increased risk for several 

chronic inflammatory diseases; it is therefore considered an important non-human leukocyte 

antigen (non-HLA) autoimmunity gene. Interestingly, the R620W polymorphic variant of 

PTPN22 has recently emerged as a major risk factor for the development of several 

autoimmune diseases, including type 1 diabetes mellitus, RA, and SLE, suggesting that 

Flego et al. Page 6

J Am Coll Cardiol. Author manuscript; available in PMC 2017 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aberrant activity of this phosphatase can perturb normal lymphocyte functions and 

homeostasis (37), although it has not been specifically investigated in ACS.

The Ig-like immunomodulatory molecule CD31 plays an important role in controlling the 

extent of T-cell-mediated inflammation in several experimental models of immune-mediated 

disease, such as experimental autoimmune encephalomyelitis (EAE) and collagen-induced 

arthritis (CIA). The progression and the severity of these experimental diseases are increased 

in mice lacking CD31 (38). Moreover, CD31-deficent mice show accelerated allograft and 

tumor rejection. Furthermore, loss of CD31 expression is associated with reduced 

immunosuppressive activity of naturally occurring Tregs, although the molecular mechanism 

underlying this effect is unclear (38).

Knowledge gaps

The first knowledge gap concerns the association between adaptive immunity alterations in 

patients with ACS as compared with SA, healthy controls, and coronary thrombosis/

myocardial ischemia-necrosis: are the former the cause of the latter or vice versa? Obviously 

we do not have an answer. It is tempting to speculate that alterations persisting after clinical 

stabilization, such as the enhanced expression of PTPN22 might have a causal role, whereas 

transient alterations, like the reduced expression of CD31, can be interpreted both ways. In 

this case, only Mendelian randomization or intervention trials can clarify the direction of 

causality.

The second knowledge gap concerns the causes of the adaptive immunity alterations 

associated with ACS: are they caused by genetic alterations leading to hyper-reactive 

inflammatory cells, by antigenic stimuli, such as oxidized LDL, heat shock proteins (HSPs), 

or infectious agents, or by a combination of both? The lessons learned from classical 

autoimmune diseases suggest that both mechanisms probably cooperate.

The third gap concerns the differences between ACS and classical autoimmune diseases. 

Which alterations of autoimmunity are specific to ACS? The answer to this critical question 

might allow the identification of new diagnostic techniques and treatments specific for ACS.

The fourth gap is the identification of the subset of patients in which adaptive immunity 

alterations are likely to play a causal role in ACS. It is indeed increasingly clear that the 

causes of ACS are multiple, and that systemic inflammation plays a role in a subset of 

patients, which is probably represented by those exhibiting systemic evidence of 

inflammation and plaque rupture (1).

The fifth gap is the correlation between alteration of adaptive immune markers in the plaque 

and in peripheral blood. Indeed, although at one extreme, CD4+CD28null T-cells are 

similarly expanded in the unstable plaque and in peripheral blood (4), this might not be the 

case for Treg and Th17 cells (47).
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Clinical perspective

In addition to the underlying atherosclerotic process itself, which is addressed with 

cholesterol-lowering drugs and blood pressure control, coronary thrombosis is the final 

common pathway leading to ACS and our main current therapeutic target. More potent 

antithrombotic regimens have recently been found to increase the risk of major bleeding 

(48), whereas the rate of death, MI, and recurrent ACS at 1-year follow-up is still very high, 

approaching about 25% (49). Furthermore, recurrent ACS determines a progressive 

impairment of myocardial function, fueling the chronic heart failure pandemic.

Despite the knowledge gaps highlighted in the preceding section, the extensive studies 

reported in this review strongly support the notion that adaptive immunity should be 

seriously addressed in the management of ACS, as is the case in classical autoimmune 

diseases. A change of focus from soluble markers of inflammation to markers of adaptive 

immunity regulation, such as the molecules involved in TCR signaling, might prove to be 

more rewarding in the management of patients presenting with ACS, although this approach 

is currently limited by the lack of testing for these biomarkers available at the point of care 

(Central Illustration).

Another unmet need is a specific anti-inflammatory treatment (50). Expanding pathogenic 

concepts in ACS beyond the simplified view of chronic inflammation considerably widens 

the spectrum of therapeutic possibilities and enables a more tailored therapeutic approach 

that may avoid unwanted adverse effects of aggressive immunosuppression. Indeed, TCR 

activation signaling offers several targets for strongly immunosuppressive therapy, such as 

cyclosporin, tacrolimus, sirolimus, azathioprine, and imatinib mesylate. These drugs prevent 

T-cell activation, and reduce the hyper-reactivity of the adaptive immune system and the 

development of autoimmunity (51,52) (Table 3). Moreover, a synthetic CD31-derived 

peptide, able to engage a truncated extracellular CD31 fragment expressed by T cells that 

apparently lack CD31, was recently shown to have an immunosuppressive effect in vivo 

through restoration of the CD31 inhibitory pathway (53). Moreover, the development of a 

novel series of PTPN22 inhibitors might contribute to a better understanding its role in 

immune dysregulation in ACS patients (54).

Another intervention target might be restoring the balance between effector T-cells and 

Tregs. Isolation and ex vivo expansion of Tregs might restore the defective expression and 

function of this T-cell subset in ACS patients (55). Indeed, in mice, CD3 antibody treatment 

induced rapid regression of established atherosclerosis via reducing CD4+ T cells and 

increasing the proportion of Tregs. The tryptophan metabolite 3-hydroxyanthranilic acid was 

recently shown to have immune regulatory properties that can be used to decrease 

atherosclerosis in mice by regulating T-cell dependent inflammation and lowering plasma 

lipids (56).

Finally, the identification of antigens that trigger adaptive immunity may open the way for 

specific vaccinations. Of note, the demonstration that vaccination against influenza might be 

associated with a reduction in cardiovascular events is the first example of this approach 

(57).
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Abbreviations and Acronyms

ACS acute coronary syndrome

CREB cyclic adenosine monophosphate response element-binding protein

IFN interferon

IL interleukin

PTPN22 protein tyrosine phosphatase nonreceptor type 22

RA rheumatoid arthritis

STAT signal transducer and activator of transcription

TCR T-cell receptor

Treg regulatory T-cell

Zap70 zeta-chain-associated protein kinase of 70 kD
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Figure 1. Helper T-cell Dysregulation in ACS
Although no direct evidence exists for some of the pathways proposed, it could be 

hypothesized that the proinflammatory environment in ACS patients, due to the skewed 

CD4+ T-cell differentiation oriented towards an aggressive phenotype, may induce a positive 

feed-forward loop, causing inflammation and local T-cell recruitment that could damage 

atherosclerotic plaque through multiple pathways. ACS = acute coronary syndrome; APC = 

antigen-presenting cell; EC = endothelial cell; IFN-g = interferon-gamma; IL = interleukin; 

SMC = smooth muscle cell; TGF-b = transforming growth factor beta; TNF-α = tumor 

necrosis factor alpha; Treg = regulatory T-cell.
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Figure 2. Schematic Outline of TCR Signaling Pathway Abnormalities Observed in ACS
Proper tuning of TCR activation is critical for the functional regulation of helper T-cells, 

including cytokine production, lymphocyte differentiation, clonal expansion, and cytotoxic 

effector functions. The biochemical signal initiated by TCR triggering is dynamically 

regulated by protein tyrosine kinases and phosphatases. Fine molecular coordination is 

required to maintain the feedback loop necessary to avoid lymphocyte hyper-reactivity and 

the breaking of immune tolerance. ACS patients have excessive amplification of proximal 

TCR-mediated signals and unbalanced downstream molecular phosphorylation. CREB = 

cyclic adenosine monophosphate response element-binding protein; LCK= lymphocyte-
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specific protein tyrosine kinase; MAPK= mitogen-activated protein kinase; PTPN22 = 

protein tyrosine phosphatase nonreceptor type 22; STAT = signal transducer and activator of 

transcription; TCR = T-cell receptor; Zap70 = zeta-chain-associated protein kinase of 70 kD. 

Other abbreviations as in Figure 1.
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Figure 3. Lessons From Autoimmune Diseases
ACS shares surprising similarities with inflammatory/autoimmune diseases, such as 

rheumatoid arthritis (RA), characterized by chronic relapsing-remitting systemic 

inflammation. In particular, helper T-cell dysregulation and TCR signaling alterations 

characterize both ACS and RA. TCR = T cell receptor. Abbreviations as in Figures 1 and 2.
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Central Illustration. Responses to Antigen Presentation Observed in Acute Coronary Syndrome 
Patients
ACS patients show a unique expression pattern of signaling molecules involved in T-cell 

activation and differentiation. During the acute phase of the disease, ACS patients show 

reduced expression of CD31 and increased expression of PTPN22, two molecules that play a 

critical role in T-cell receptor signaling. ACS patients also have reduced activation of CREB, 

a transcription factor required for Treg generation and maintenance. After 1 year of follow-

up, in a stable phase of the disease, CD4+ T-cells still show increased expression of 

PTPN22, which is partially counterbalanced by enhanced expression of CD31. Furthermore, 

at 1 year of follow-up, ACS patients have increased phosphorylation of CREB. Overall, 

these stable-phase signaling conditions may enhance the functionality of the Treg 

compartment, dampening excessive immune activation. ACS = acute coronary syndrome; 

CREB = cyclic adenosine monophosphate response element-binding protein; PTPN22 = the 

protein tyrosine phosphatase nonreceptor type 22; Treg = regulatory T-cell.
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Table 1

Dysregulation of Helper T-cell Subsets in ACS Patients

Helper T-cell
Subpopulation

Type of Dysregulation Study Populations Experimental
Technique(s)

References

Th1 Increased frequency* NSTEMI, STEMI, UA, 
SA, HC

Flow cytometry 9–13

Increased IFN-γ production* NSTEMI, STEMI, UA, 
SA, HC

Flow cytometry, ELISA, real-
time PCR

9–13

Increased expression of STAT-4 and T-bet* NSTEMI, STEMI, UA, 
SA, HC

Flow cytometry, western blot, 
real-time PCR

9,11

CD28null Increased frequency*, NSTEMI, UA, SA, HC Flow cytometry 8,16–18

Increased cytotoxicity*,y UA, STEMI, NSTEMI, 
SA

Cytotoxicity assay, flow 
cytometry

15,18

Increased resistance to apoptosis*,y NSTEMI, STEMI, SA Flow cytometry, proliferation 
and apoptosis assay

19

Th17 Increased frequency* NSTEMI, AMI, UA, SA, 
HC

Flow cytometry 8,22,23

Increased IL-17 production* NSTEMI, AMI, UA, SA, 
HC

Flow cytometry, ELISA 22,23

Increased STAT-3 phosphorylation* NSTEMI, AMI, UA, SA, 
HC

Flow cytometry, western blot 23

Treg Reduced frequency* NSTEMI, STEMI, AMI, 
UA, SA, HC

Flow cytometry, western blot, 
real-time PCR, multiplex 
technology

8,26–29

Reduced immunosuppressive efficiency*,y NSTEMI, STEMI, SA, 
HC

Functional suppression assays 26

Increases susceptibility to apoptosis*,y NSTEMI, SA, CPS Apoptosis assay 29

Reduced TCR-induced generation*,y NSTEMI, SA, HC Stimulation assay, flow 
cytometry

36

All evidence comes from observational studies; some are ex vivo, others are in vitro.

*
Ex vivo observational study in cohorts

y
In vitro study

AMI = acute myocardial infarction; CPS = chest pain syndrome; ELISA = enzyme-linked immunosorbent assay; HC = healthy controls; IFN = 
interferon; NSTEMI = non-ST-segment elevation myocardial infarction; PCR = polymerase chain reaction; SA = stable angina; STEMI = ST-
segment elevation myocardial infarction; TCR = T-cell receptor; UA= unstable angina
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Table 2

TCR Signaling Alteration in ACS Patients

TCR molecular
pathway

Type of Alteration Study
Populatio ns

Experimental
Technique(s)

References

CD3 Increased accumulation in IS* ACS, CAD, HC Confocal microscopy 34,35,41

Intracellular [Ca2+] signals Enhanced* ACS, CAD, HC Confocal microscopy 34,35

Phosphotyrosine levels Enhanced* ACS, SA, NSTEMI, 
CAD, HC

Pflow experiments, 
confocal microscopy

35,36

Zap70 Increased accumulation in IS*

Increased phosphorylation of 

Tyr-319*

Reduced phosphorylation of 

Tyr-292*

ACS, SA, NSTEMI, 
CAD, HC

Pflow experiments, 
confocal microscopy, 
ELISA

34–36, 41

LCK Insufficient deactivation* ACS, CAD, HC Pflow experiments, 
confocal microscopy

35

MAPKs Increased p38 activation in 

naive T-cells*

Reduced ERK activation in 

memory T-cells*

NSTEMI, SA, HC Pflow experiments 41

STATs Increased phosphorylation of 

STAT-3*

Reduced phosphorylation of 

STAT-5*

AMI, SA, HC Pflow experiments 23

CREB Reduced phosphorylation 

during the acute phase*

Increased phosphorylation at 1 

year follow-up*

NSTEMI, SA, HC Pflow experiments, 
immunofluorescence 
microscopy, ChIP assay

36

CD31 Reduced expression and signaling 

during acute phase*,y
NSTEMI, SA, HC Flow cytometry, Pflow 

experiments
41

PTPN22 Increased expression*,y NSTEMI, SA, HC Flow cytometry, realtime 
PCR

36

All evidence comes from observational studies, some in vitro, and others ex-vivo.

*
In vitro study

y
Ex vivo observational study in cohorts

ACS = acute coronary syndrome; CAD = coronary artery disease; ChIP = chromatin immunoprecipitation; CREB = cyclic adenosine 
monophosphate response element-binding protein; ERK = extracellular signal-related kinase; IS = immunological synapse; LCK = lymphocyte-
specific protein tyrosine kinase; MAPK= mitogen-activated protein kinase; Pflow = phosphoflow cytometry; PTPN22 = protein tyrosine 
phosphatase nonreceptor type 22; STAT = signal transducer and activator of transcription; Zap70 = zeta-chain-associated protein kinase of 70 kD. 
Other abbreviations as in Table 1.
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Table 3

Potential Therapeutic Targets Modulating TCR Signaling and Immune Response in ACS

Drugs Molecular Target and Mechanisms Ref

Azathioprine CD28 signaling and purine biosynthesis inhibition* 51

Cyclosporine and tacrolimus NFAT and IL-2 inhibition, increases TGF-b expression* 51

Sirolimus mTOR pathway inhibition* 51

Imatinib mesylate Early TCR signaling inhibitiony 52

Anti-CD3 (OKT-3) Atherosclerosis inhibition by enhancing Treg responsesz 25

CD31-binding peptides CD31 signaling enhancementy,z 53

PTPN22 inhibitors PTPN22 signaling inhibitionz 54

3-hydroxyanthranilic acid Atherosclerosis inhibition by regulating lipid metabolism and T-cell-dependent inflammation z 56

*
Human in vivo

y
Human in vitro

z
Mice in vivo

mTOR= mammalian target of rapamycin; NFAT = nuclear factor of activated T-cells; TGF-b = transforming growth factor beta; Treg = regulatory 
T-cell. Other abbreviations as in Tables 1 and 2.
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