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Abstract: Atherosclerosis is an immune-mediated inflammatory process, which acts as the main cause of acute 
coronary syndrome (ACS). Regulatory CD4+CD25+FOXP3+T cells (Tregs) are thought to play a major role in inhibit-
ing the formation and progression of atherosclerosis. However, the exact role played by Tregs in the pathogenesis of 
ACS is yet remained unclear. FOXP3 is a key regulator of Treg formation and function. Demethylation at the CpG-rich 
island of FOXP3 upstream enhancers can alter FOXP3 expression, and may affect Treg function during the develop-
ment of ACS. This study investigated the immunosuppressive function and methylation status of a FOXP3 upstream 
enhancer in Tregs in ACS patients. Notably, Tregs from ACS patients exhibited a significantly lower immunosup-
pressive effect on Teffs. Furthermore, the methylation status of the FOXP3 upstream enhancer was significantly 
increased in ACS patients. Consistent with these observations, Tregs originated from ACS patients manifested sig-
nificantly lower levels of FOXP3 mRNA. The immunosuppressive effect of Tregs on Teffs was compromised in ACS 
patients. Together, our data suggest that examination of the methylation status of the FOXP3 upstream enhancer 
might be a novel approach to diagnose ACS and to differentiate ACS subtypes. 
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Introduction

Atherosclerosis is the pathologic basis of coro-
nary artery disease (CAD) [1]. Acute coronary 
syndrome (ACS), the most serious manifesta-
tion of CAD [2], is a multifactorial disease in 
which the immune mechanism plays a crucial 
role [3]. The majority of T cells found in athero-
sclerotic lesions are activated effector and/ 
or memory CD4+ T cells [4]. These effector T 
cells (Teffs) are associated with plaque desta-
bilization and exert multiple pro-inflammatory 
effects by releasing effector cytokines such as 
interferon-γ (IFN-γ) and tumor necrosis factor β 
(TNF-β) [5, 6], which contribute to the recruit-
ment of T cells, plaque rupture, and the onset 
of ACS [7]. 

Regulatory CD4+CD25+FOXP3+T cells (Tregs) 
are specialized cells which suppress immune 

function [8, 9]. By restraining excessive immune 
responses and promoting self-tolerance, Tregs 
play an important role in protecting against  
the development and progression of athero-
sclerosis [10]. Thus, defective Tregs are thought 
to promote the progression of atherosclerosis, 
and even the onset of ACS. Recently, some 
investigators have suggested that a decrease 
in Tregs might contribute to the development 
and progression of ACS [11-13]. However, other 
studies have reported elevated Treg numbers in 
ACS patients [8, 14-16]. Beyond assessing their 
numbers, few studies have evaluated the func-
tion of Tregs in ACS, and some have reported 
conflicting results regarding the immunosup-
pressive effect of Tregs on Teffs [17-19]. 

The transcription factor forkhead box protein 3 
(FOXP3) is specifically expressed in Tregs and in- 
dispensable for their immunosuppressive func-
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tion [20-22]. FOXP3 is a key regulator of Treg 
formation and function, and its expression can 
be regulated by several epigenetically liable 
enhancers and promoters [23]. Additionally, in 
murine systems, a non-intronic upstream en- 
hancer of FOXP3 contains an evolutionarily 
conserved CpG-rich island that remains non-
methylated in Tregs [24]. Demethylation of the 
CpG-rich island not only alters FOXP3 expres-
sion, but also affects the immunosuppressive 
function of Tregs [25]. Furthermore, other study 
discovered a novel differentially methylated 
region (DMR) within a CpG-rich island posi-
tioned adjacent to the murine FOXP3 upstream 
enhancer homologue, which was demonstrated 
to have enhancer activity that was subject  
to methylation-induced silencing in vitro [24]. 
Additionally, an epigenome-wide analysis iden-
tified several differentially methylated positions 
associated with the rheumatoid arthritis (RA) 
phenotype in monocytes [26]. However, no  
similar studies have been conducted with ACS 
Treg subsets. We thus investigated the methyl-
ation status, in which, we tested the immuno-
suppressive activity of Tregs on Teffs, and ex- 
amined whether a FOXP3 upstream enhancer 
was epigenetically modified in patients with 
ACS. Our results suggest that methylation of 
the FOXP3 upstream enhancer is significantly 
increased in ACS patients. 

Materials and methods

Study population

Peripheral blood was collected from 60 sub-
jects admitted to the Cardiovascular Depart- 
ment of Tongji Hospital with a diagnosis of ACS 
and 52 healthy controls based on criteria in our 
previous studies [10]. All of the 60 enrolled ACS 

mittee of Tongji Hospital (Wuhan, China). Writ- 
ten informed consent was obtained from each 
participant. The clinical features of the enroll- 
ed patients and healthy control subjects are 
shown in Table 1. 

Isolation and identification of Tregs

Tregs were enriched using a human Tregs 
Isolation Kit (Miltenyi Biotec; Bergisch Glad- 
back, Germany) and a Mini-MACS separation 
system (Miltenyi Biotec, Germany). The isolated 
Tregs and Teffs were stained with either anti-
bodies against anti-human CD4-FITC (RPA-T4) 
and CD25-APC (4E3) or CD127-PE (eBiosci-
ence; San Diego, CA, USA). As FOXP3 is a tran-
scription factor which localizes to the nucleus, 
it cannot be used as a surface marker of Tregs. 
Interestingly, CD127 expression is inversely 
with FOXP3 expression and Treg suppressor 
activity. Thus, the best way at present to iden-
tify human Tregs appears to be co-expression 
of high levels of CD4 and CD25 as well as  
low levels of CD127 [27]. The purity of the iso-
lated PBMCs was determined to be above 90% 
and the identities of the cell surface markers 
were analyzed by flow cytometry (FCM; BD 
Bioscience; Franklin Lakes, NJ, USA). 

Detection of the treg suppression function by 
personal and crossover co-culture studies

To compare the suppression function of Tregs 
obtained from normal subjects and ACS pati- 
ents, personal Tregs obtained from ACS pati- 
ents or control subjects were co-cultured with 
personal Teffs at different ratios (Tregs:Teffs = 
0:8, 1:8, 1:4, 1:2, and 1:1). To further investi-
gate differences in the suppression function  
of Tregs from the two groups of subjects, we 

Table 1. Demographic and clinical data for the ACS pa-
tients and control subjects

Control ACS P
No. of participants 52 60
Age (years) 58.62 ± 12.07 60.28 ± 11.11 0.211
Risk factors, %
    Hypertension 36.5 50 0.149
    Hypercholesteremia 34.6 46.8 0.189
    Diabetes 30.8 41.9 0.218
    Smoking 36.5 48.4 0.203
    Family history 42.3 46.8 0.633

patients had angiographically confirmed 
coronary artery disease (≥ 50% steno-
sis), defined as typical chest pain at  
rest occurring < 48 hours from hospital 
admission or ECG changes suggesting 
myocardial ischemia with or without an 
increase in serum markers of myocar- 
dial damage. The exclusion criteria in 
the study included: (1) patients with an 
infectious or inflammatory disease; (2) 
patients with an autoimmune or hema-
tological disease; (3) patients with liver 
or kidney dysfunction. This study was 
approved by the Medical Ethical Com- 
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performed crossover co-culture studies at  
different ratios using Teffs obtained from con-
trol subjects with Tregs from ACS patients or 
control subjects, and Teffs obtained from ACS 
patients with Tregs from ACS patients or control 
subjects. The Tregs were titrated with Teffs at 
the following ratios (Tregs:Teffs = 1:8, 1:4, 1:2, 
1:1), with the number of Teffs being held  
constant at 1.0 × 105 cells/mL. After 5 days of 
culture, the proliferation index (PI) of CFSE-
labeled Teffs was measured by flow cytometry 
(BD Bioscience, USA). The Treg suppression 
ratio was calculated using the following formu-
la: [(1 - (PI of Tregs:Teffs - x:8)/(PI of Tregs:Teffs 
- 0:8) × 100%]. 

Proliferation/function assay of CFSE-labeled 
Teffs 

Purified CFSE-labeled Teffs (1 × 105 cells/well) 
from ACS patients and normal control su- 
bjects were cultured in plates which contained 
medium with monoclonal antibodies (eBio- 
science) against CD3 (2 ug/mL)/CD28 (1 ug/
mL), medium with CD3/CD28 plus an allo-stim-
ulated antigen, and medium with CD3/CD28 
plus an auto-stimulated antigen, for 72 hrs at 
37°C with 5% CO2. After culture, the prolifera-
tion index of the Teffs was measured by flow 
cytometry. 

Methylation level of the FOXP3 upstream en-
hancer 

Genomic DNA used in the DNA methylation 
assay was isolated from subsets of Tregs and 
Teffs obtained from ACS patients and healthy 
control subjects using the TaKaRa MiniBEST 
Universal Genomic DNA Extraction Kit Ver.5.0 
(TaKaRa; Dalian, China). Bisulfile conversion of 
genomic DNA was performed using the EpiTect 
Bisulfite Kit (Qiagen; Hilden, Germany). Real-
time PCR primers were designed using Methyl 
Primer Express software. The degree of DNA 
methylation was assayed at each CpG dinucle-
otide locus in the relevant FOXP3 upstream 
enhancer regions, and expressed as the mean 
percent methylation.

Real-time quantitative PCR (RT-PCR) of FOXP3 
mRNA

Total RNA was extracted from Tregs obtained 
from ACS patients and control subjects us- 
ing TRI Reagent (Takara Biotechnology; Shiga, 

Japan), and reverse transcribed to cDNA using 
reverse transcriptase (Invitrogen; Karlsruhe, 
Germany). Real-time RT-PCR reactions were 
carried out in SYBR Green PCR Master Mix 
(TOYOBO; Osaka, Japan), and quantitative anal-
ysis of FOXP3 mRNA was performed using the 
StepOne Quantitative real-time PCR System 
(Applied Biosystems; Foster City, CA, USA). The 
data were normalized to the expression level of 
GAPDH. PCR reactions were 95°C for 1 min, fol-
lowed by 40 cycles of 95°C for 15 s and 60°C 
for 15 s. The primers used for FOXP3 were: 
sense 5’-TGACCAAGGCTTCATCTGTG-3’ and an- 
tisense 5’-GAGGAACTCTGGGAATGTGC-3’. The 
β-actin primers were sense 5’-AGCGAGCATCC- 
CCCAAAGTT-3’ and antisense 5’-GGGCACGAA- 
GGCTCATCATT-3’.

Cytokine measurements 

The levels of cytokines IL-10, IFN-γ, and TGF-β1 
in plasma and cultured cells were detected 
using enzyme-linked immunosorbent assays 
(ELISAs) (NeoBioscience Technology; Beijing, 
China). The minimal detectable concentrations 
(pg/mL) were 15 (IL-10), 1 (IFN-γ), and 1 (TGF-
β1), respectively. Non-detectable cytokine con-
centrations were assigned to a value of 0.01 for 
inclusion into the analysis.

Statistical analysis 

All data were analyzed using the SPSS 17.0  
and GraphPad Prism 5.0 software. Differences 
between groups were analyzed using the non-
parametric Mann-Whitney U test, and relation-
ships between numeric variables were ana-
lyzed using the Pearson’s correlation index. 
Error bars represent standard deviations from 
the mean. P-values < 0.05 were considered 
statistically significant. 

Results

Patient demographics

Samples of Tregs and Teffs were obtained from 
60 patients with ACS and 52 healthy control 
subjects. There were no significant differe- 
nces between the two groups in terms of age 
and the percentage of risk factors of ACS as 
shown in Table 1. Since FOXP3 is located on 
chromosome Xp 11.23, which is subjected to 
X-inactivation in females, only male subjects 
were included in the study (Table 1). 
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The percentage of Tregs 
was decreased in ACS pa-
tients 

Some studies have suggest-
ed that ACS patients have 
reduced numbers of Tregs, 
while other studies have re- 
ported the opposite results. 
Due to the importance of 
Tregs for ACS, we sought to 
re-tackle this question. Our 
experimental results showed 
that the frequencies of Tregs 
were decreased in the ACS 
patients compared to the 
control subjects (P = 0.009) 
(Figure 1). However, up to 
now, few study investigators 
showed that the suppres-
sion function of Tregs to Tef- 
fs. Therefore, we questioned 
the function of Tregs in ACS 
patients. 

Tregs from ACS patients 
manifested decreased sup-
pression function

As the two groups of sub-
jects in our study had similar 
frequencies of FOXP3+ Tre 
gs, we examined the ability 
of allo-specific Tregs to sup-
press Teffs by conducting in 
vitro co-culture studies. To 
detect the ratio of Tregs re- 
quired for suppression, per-
sonal Tregs obtained from 
ACS patients and control 
subjects were co-cultured  
with personal Teffs at differ-
ent ratios (Tregs:Teffs = 0:8,  
1:8, 1:4, 1:2, and 1:1). We 
found that Tregs obtained 
from ACS patients had a low- 
er suppressive ability when 
compared with Tregs obta- 
ined from control subjects. 
When using the same pro-
portion of Tregs to Teffs, Tre- 
gs from ACS patients exhib-
ited a lower suppressive abi- 
lity at all of the ratios tested. 
Furthermore, the prolifera-

Figure 1. Flow cytometric analysis of frequency of Tregs obtained from the con-
trols and ACS patients. (A) The frequency of CD4+CD25+ cells in mononuclear 
cells in ACS patients and control groups, respectively. (B) The frequency of 
CD4+FOXP3+ cells in mononuclear cells in the two control groups, respec-
tively. (C) The frequency of CD4+CD25+FOXP3+ Tregs in mononuclear cells in 
the two groups, respectively. (D) The percentage of CD4+CD25+FOXP3+ Tregs 
in PBMCs in the two groups, corresponding data in (C). Data are presented as 
the mean ± SD. P = 0.009.
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tion of allo-specific Teffs obtained from ACS 
patients was reduced in a dose-dependent 
manner based on the ratio of Tregs to Teffs (P < 
0.01) (Figure 2). 

The capacity for proliferation of Teffs was simi-
lar between ACS patients and control subjects

We next examined the proliferative capacity of 
Teffs isolated from ACS patients and control 
subjects. Teffs cultured in 1640 medium (10% 
fetal bovine serum) showed a good proliferative 
capacity when stimulated with soluble anti-
CD3/CD28 antibody or by means of allo-stimu-
lation. When Teffs were cultured without Tregs 
(100,000:0), their proliferation index ranged 

from 5.6 to 33.8. Teffs obtained from the two 
groups of subjects showed no significant differ-
ence in their proliferation index in all groups (P 
> 0.05) (Figure 3).

Tregs from ACS patients exhibited a lower abil-
ity to suppress Teffs at different ratios 

To further investigate the differences for the 
suppression function of Tregs between the two 
groups of subjects, we performed crossover 
co-culture studies at different ratios (1:8, 1:4, 
1:2, 1:1) using Teffs obtained from control  
subjects with Tregs from ACS patients or con-
trol subjects, and Teffs from ACS patients with 
Tregs from ACS patients or control subjects. 

Figure 2. The immunosuppressive effect of Tregs on Teffs in the two groups. (Personal co-culture) A: CFSE-labeled 
Teffs were co-cultured with respective Tregs at different ratios in ACS and control groups, and the proliferation of 
Teffs was demonstrated by flow cytometry results in the FITC channel. The Treg suppression ratio was calculated 
using the following formula: [(1 - (PI of Tregs:Teffs - x:8)/(PI of Tregs:Teffs - 0:8) × 100%]. The specific percentage 
data represented the ratio of suppression function of Tregs in the two groups. B: The Tregs were stimulated with 
soluble anti-CD3/anti-CD28 antibodies for 7 days; after which, the proliferation index of the CFSE-labeled Teffs was 
determined. The Treg suppression ratio was also calculated using the same formula. Data represent results from at 
least 8 different subjects in each group. *P < 0.01.
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Tregs derived from ACS pati- 
ents demonstrated a lower su- 
ppressive ability when compar- 
ed with Tregs from control sub-
jects (Figure 4A). Of note, this 
finding was consistent with re- 
sults obtained once we cross-
over co-cultured Teffs from 
ACS patients with Tregs from 
ACS patients or controls (Fig- 
ure 4B). Collectively, these da- 
ta suggest that Tregs in ACS 
patients have an impaired abil-
ity to suppress Teffs, and this 
impairment may contribute to 
the development and progres-
sion of ACS.

Methylation status of the 
FOXP3 upstream enhancer 

To investigate a potential cau- 
se for the impaired suppres-
sion function of Tregs, we ex- 
amined the methylation status 
of the FOXP3 upstream enhan- 
cer, which plays an important 
role in regulating Treg function. 
To avoid possible artifacts due 
to random X chromosome inac-
tivation in females, the cells 
were isolated only from male 
ACS patients and age-matched 
control subjects. Pyrosequenc- 
ing analysis was used to det- 
ect the methylation status of 
the 8 CpG-rich islands at the 
-5835 to -5794 upstream en- 
hancer region of the FOXP3 
gene (Figure 5A-C). The results 
identified a specific FOXP3 up- 
stream CpG motif in the FOXP3 
enhancer. The methylation lev-
els of the FOXP3 upstream en- 
hancer in Tregs from ACS pati- 
ents were significantly higher 
than those in Tregs from con-
trol subjects (P < 0.05) (Figure 
5D). 

Figure 3. Analyses of proliferation indexes for Teffs obtained from ACS pa-
tients and control subjects. Teffs obtained from ACS patients and control 
subjects showed no significant difference in their proliferation index when 
cultured in medium, medium with CD3/CD28, medium with CD3/CD28 
plus allo-stimulated antigen, and medium with CD3/CD28 plus auto-stimu-
lated antigen, respectively. Error bars indicate SD; n.s, P > 0.05 compared 
to the controls.

Figure 4. Measurement of immunosuppressive effect of Tregs on Teffs in 
the two groups. (Crossover co-culture) A: Crossover experiment using co-
cultured control Teffs with Tregs from ACS patients or control subjects at 
variable titration ratios to detect the Treg suppression function in the two 
groups of subjects. B: Crossover experiments using ACS Teffs with Tregs 

from ACS patients or control sub-
jects at the same ratios. Tregs from 
ACS patients had reduced sup-
pressive effects when compared 
with control Tregs. *P < 0.05.
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Figure 5. Determination of methylation status in the FOXP3 upstream enhancer of Tregs and Teffs. (A) Schematic representation of the upstream enhancer regions 
in the FOXP3 gene locus. Pyrosequencing data for the 8 CpG pair positions in the FOXP3 upstream enhancer. The relative level of methylation at each position is 
displayed in a small colored box just above each CpG motif of Tregs obtained from the controls (B) and Tregs obtained from the ACS patients (C). (D) Comparison 
of the methylation status of the FOXP3 upstream enhancer in Tregs obtained from ACS patients and control subjects, corresponding data in (B and C). Data are 
presented as the mean ± SD. *P < 0.05. 
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ACS patients were characterized by lower 
FOXP3 mRNA 

RT-PCR was next employed to examine the 
expression levels of FOXP3 mRNA in freshly iso-
lated Tregs, as well as Tregs which had been 

[28]. Recently, several groups have reported 
lower Treg frequencies in ACS patients when 
compared with Treg frequencies in healthy age-
matched control subjects [29]. In contrast, 
another study found no decrease in Tregs co- 
unts in ACS patients [15]; thus the role of Tregs 

Figure 6. Treg expression of FOXP3 mRNA on day 0 and after 5 days of 
culture. (A) Expression of FOXP3 mRNA was decreased after 5 days of 
culture when compared with expression on day 0, in both ACS patients 
and control subjects. ACS patients exhibited lower levels of FOXP3 mRNA 
expression when compared with expression in control subjects. (B) The 
relative fold of (A). *P < 0.05.

Figure 7. ELISA detection 
of TGF-β, IL-10, and IFN-γ in 
plasma from ACS patients and 
control subjects. The amounts 
of (A) TGF-β, (B) IL-10, and (C) 
pro-inflammatory IFN-γ in con-
trol subjects (CON) vs. ACS 
patients (ACS). Dots represent 
individual data, dashed lines 
show the median value, and 
continuous lines show the 
25th and 75th percentiles.

cultured for 5 days. The levels  
of FOXP3 mRNA expression in 
non-cultured Tregs obtained fr- 
om ACS patients were signifi-
cantly lower than the levels in 
Tregs obtained from control sub-
jects (P < 0.05). After 5 days  
of culture, the levels of FOXP3 
mRNA expression in Tregs from 
both ACS patients and control 
subjects were significantly lower 
when compared with those ex- 
pression levels of freshly isolat-
ed cells (P < 0.05). Moreover, the 
mean level of FOXP3 mRNA ex- 
pression in ACS patients was  
significantly lower than that in 
control subjects (P < 0.05) 
(Figure 6). 

Serum levels of TGF-β1, INF-γ, 
and IL-10 in the plasma of ACS 
patients

ACS patients had significantly 
lower plasma levels of TGF-β1, 
but significantly higher plasma 
levels of the pro-inflammatory 
cytokine IFN-γ when compared 
with those levels in control sub-
jects (P = 0.002 and P < 0.001, 
respectively) (Figure 7B and 7C). 
However, the two groups of sub-
jects had similar levels of IL-10  
(P = 0.323) (Figure 7A). In agree-
ment with previous findings, the 
Tregs from ACS patients demon-
strated a reduced anti-inflamma-
tory function, but an enhanced 
pro-inflammatory function. 

Discussion 

Tregs are now recognized to play 
an important role in regulating 
T-cell-mediated immune respon- 
ses by suppressing Teffs prolif-
eration during the initiation and 
progression of atherosclerosis 
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in ACS has remained controversial. The ACS 
patients in our study had lower percentages of 

Tregs compared to the control subjects. And we 
suggest that in ACS patients, the number of 
Tregs might not be the sole factor affecting 
their immunosuppressive function of Treg. 

While defective Treg functions have been asso-
ciated with autoimmune diseases such as 
rheumatoid arthritis, T1DM, and autoimmune 
thyroid disease [30, 31], only limited data has 
been available concerning the immunosup-
pressive effects of Tregs on Teffs in patients 
with ACS. Therefore, we examined the suppres-
sive effects of Tregs on Teffs in ACS patients 
and control subjects by co-culturing Tregs with 
CFSE-labeled Teffs at different ratios. Our 
results showed that the immunosuppressive 
effect of Tregs on Teffs was significantly re- 
duced in ACS patients. Additionally, we found 
no significant difference in the proliferative 
capabilities of Teffs obtained from the ACS 
patients and control subjects. This result fur-
ther confirmed that the impaired suppression 
function of Tregs in ACS patients is due to the 
Tregs themselves, rather than an enhanced 
proliferative capability of Teffs. This conclusion 
is also supported by data obtained in previous 
studies [32]. Thus, we speculate that the re- 
duced immunosuppressive effect of Tregs on 
Teffs in ACS patients may be a crucial factor 
contributing to the onset and progression of 
ACS. Also, the number of Tregs was not the sole 
factor affecting their total immunosuppressive 
capacity, which might explain why the percent-
age of Tregs was not decreased in some ACS 
patients.

The development and function of Tregs is gov-
erned by FOXP3, a winged-helix family tran-
scription factor, which acts as a major control-
ler of gene expression in Tregs [33]. Several 
regulatory regions within the FOXP3 locus, e.g., 
the upstream enhancer, proximal promoter, 
and Treg-specific demethylated region (TSDR), 
are known to participate in controlling gene 
expression, and can be epigenetically regulat-
ed [24]. Increasing evidence suggests that the 
upstream enhancer of FOXP3 contains an evo-
lutionarily conserved CpG-rich island that is not 
methylated in Tregs, but is methylated in naive 
or activated conventional T (Tconv) cells as  
well as TGF-β1-induced Tregs in rodent species 
[34]. Hypomethylation of cis-elements at the 
FOXP3 locus permits FOXP3 binding, as well as 
the binding or other transcription factors that 

constitutively activate FOXP3 [25]. Neverthe- 
less, until now, the methylation status of the 
upstream FOXP3 enhancer has not been richly 
investigated in ACS patients. Our results sho- 
wed that the FOXP3 upstream enhancer was 
hypomethylated in Tregs at the same CpG-rich 
islands in both ACS patients and control sub-
jects. Thus, we believe that the methylation  
status of the FOXP3 upstream enhancer might 
play a vital role in maintaining the immunosup-
pressive function of Tregs. However, the degree 
of methylation of the FOXP3 upstream enhanc-
er in ACS patients was significantly greater  
than that in control subjects. Therefore, we sug-
gest that the methylation status of the FOXP3 
upstream enhancer might serve as a marker to 
discriminate the functional status of Tregs in 
ACS patients.

Methylation of the CpG-rich islands is associ-
ated with gene silencing. Demethylation at the 
CpG motif in the FOXP3 upstream enhancer 
has been associated with expression of FOXP3 
[25]. Kennedy et al [10] reported that the meth-
ylation status of the upstream enhancer was 
crucial for achieving the enhancer activity 
needed for expression of FOXP3 mRNA. In the 
current study, we found significantly reduced 
levels of FOXP3 mRNA expression in the ACS 
group, which was consistent with our results 
concerning the methylation status of the FOXP3 
upstream enhancer. Our analysis revealed that 
FOXP3 mRNA expression was inversely corre-
lated with the methylation status of the FOXP3 
upstream enhancer, and also with lower levels 
of TGF-β and higher levels of IFN-γ in ACS 
patients. The analysis also showed that meth-
ylation levels of the upstream FOXP3 enhan- 
cer were negatively correlated with Treg func-
tion in both groups. Therefore, we believe that 
the methylation status of the FOXP3 upstream 
enhancer determines FOXP3 expression, and 
might further affect the suppression function of 
Tregs in ACS patients. 

Our study has some limitations that should be 
mentioned: (1) the study sample size was rela-
tively small, and this limited the statistical 
power of our group analyses, and (2) the fac- 
tors that increased the degrees of methylation 
or demethylation in the specific FOXP3 gene 
region relevant to the function of Tregs in ACS 
were not investigated. Further studies are 
needed to determine the mechanism underly-
ing the Treg dysfunction observed in cases of 
ACS.
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Conclusions

In summary, our results suggest that the Tregs 
of ACS patients have a lower immune sup- 
pressive function. Because methylation of the 
FOXP3 upstream enhancer was increased in 
the Tregs of ACS patients, the methylation sta-
tus of that enhancer might serve as a surro- 
gate biomarker for Treg function in patients 
with ACS and other diseases. Moreover, epigen-
etic regulation of the FOXP3 upstream enhanc-
er may represent a novel target for therapeutic 
intervention in cases of ACS. 

Acknowledgements

This work was supported by the National Na- 
tural Science Foundation of China (81571377 
and 81400255), and the Scientific and Tech- 
nological Projects of Hubei province (2015BCA- 
309).

Disclosure of conflict of interest

None.

Address correspondence to: Cuntai Zhang and  
Xiao-Qing Quan, Department of Geriatrics, Tongji 
Hospital, Tongji Medical College, Huazhong Uni- 
versity of Science and Technology, 1095 Jiefang 
Avenue, Tongji Hospital, Wuhan 430030, China.  
Tel: +86-27-8366-3062; Fax: +86-27-8366-3035; 
E-mail: ctzhang@tjh.tjmu.edu.cn (CTZ); xqquan@tjh.
tjmu.edu.cn (XQQ)

References

[1] Momiyama Y, Ohmori R, Fayad ZA, Kihara T, 
Tanaka N, Kato R, Taniguchi H, Nagata M, Na-
kamura H and Ohsuzu F. Associations between 
plasma osteopontin levels and the severities 
of coronary and aortic atherosclerosis. Athero-
sclerosis 2010; 210: 668-670.

[2] Fuster V and Kovacic JC. Acute coronary syn-
dromes: pathology, diagnosis, genetics, pre-
vention, and treatment. Circ Res 2014; 114: 
1847-1851.

[3] Ammirati E, Rimoldi OE and Camici PG. Is there 
evidence supporting coronary revasculariza-
tion in patients with left ventricular systolic 
dysfunction? Circ J 2011; 75: 3-10.

[4] Xu R, Cao M, Wu X, Wang X, Ruan L, Quan X, Lu 
C, He W and Zhang C. Kv1.3 channels as a po-
tential target for immunomodulation of CD4+ 
CD28 null T cells in patients with acute coro-
nary syndrome. Clin Immunol 2012; 142: 209-
217.

[5] Ammirati E, Cianflone D, Vecchio V, Banfi M, 
Vermi AC, De Metrio M, Grigore L, Pellegatta F, 
Pirillo A, Garlaschelli K, Manfredi AA, Catapano 
AL, Maseri A, Palini AG and Norata GD. Effector 
memory T cells are associated with atheros- 
clerosis in humans and animal models. J Am 
Heart Assoc 2012; 1: 27-41.

[6] Wang M and Shah AM. Age-associated pro- 
inflammatory remodeling and functional phe-
notype in the heart and large arteries. J Mol 
Cell Cardiol 2015; 83: 101-111.

[7] Liu Y, Zhao X, Zhong Y, Meng K, Yu K, Shi H, Wu 
B, Tony H, Zhu J, Zhu R, Peng Y, Mao Y, Cheng 
P, Mao X and Zeng Q. Heme oxygenase-1 re-
stores impaired GARPCD4(+)CD25(+) regula-
tory T cells from patients with acute coron- 
ary syndrome by upregulating LAP and GARP 
expression on activated T lymphocytes. Cell 
Physiol Biochem 2015; 35: 553-570.

[8] Ammirati E, Cianflone D, Banfi M, Vecchio V, 
Palini A, De Metrio M, Marenzi G, Panciroli C, 
Tumminello G, Anzuini A, Palloshi A, Grigore L, 
Garlaschelli K, Tramontana S, Tavano D, Airoldi 
F, Manfredi AA, Catapano AL and Norata GD. 
Circulating CD4+CD25hiCD127lo regulatory T-
Cell levels do not reflect the extent or severity 
of carotid and coronary atherosclerosis. Arte-
rioscler Thromb Vasc Biol 2010; 30: 1832-
1841.

[9] Xiong G, Yang L, Chen Y, Fan Z. Linc-POU3F3 
promotes cell proligeration in gastric cancer 
via increasing T-reg distribution. Am J Transl 
Res 2015; 7: 2262-2269. 

[10] Lu CX, Xu RD, Cao M, Wang G, Yan FQ, Shang 
SS, Wu XF, Ruan L, Quan XQ and Zhang CT. 
FOXP3 demethylation as a means of identify-
ing quantitative defects in regulatory T cells  
in acute coronary syndrome. Atherosclerosis 
2013; 229: 263-270.

[11] Zhao Z, Wu Y, Cheng M, Ji Y, Yang X, Liu P, Jia S 
and Yuan Z. Activation of Th17/Th1 and Th1, 
but not Th17, is associated with the acute car-
diac event in patients with acute coronary syn-
drome. Atherosclerosis 2011; 217: 518-524.

[12] Mor A, Luboshits G, Planer D, Keren G and 
George J. Altered status of CD4(+)CD25(+) 
regulatory T cells in patients with acute coro-
nary syndromes. Eur Heart J 2006; 27: 2530-
2537.

[13] Han SF, Liu P, Zhang W, Bu L, Shen M, Li H, Fan 
YH, Cheng K, Cheng HX, Li CX and Jia GL. The 
opposite-direction modulation of CD4+CD25+ 
tregs and T helper 1 cells in acute coronary 
syndromes. Clin Immunol 2007; 124: 90-97.

[14] Patel S, Chung SH, White G, Bao S and Cel-
ermajer DS. The “atheroprotective” mediators 
apolipoprotein A-I and Foxp3 are over-abun-
dant in unstable carotid plaques. Int J Cardiol 
2010; 145: 183-187.

mailto:ctzhang@tjh.tjmu.edu.cn


Methylation status of the FOXP3 upstream enhancer in Tregs in ACS

5308 Am J Transl Res 2016;8(12):5298-5308

[15] Najib E, Puranik R, Duflou J, Xia Q and Bao S. 
Age related inflammatory characteristics of 
coronary artery disease. Int J Cardiol 2012; 
154: 65-70.

[16] Zidar DA, Mudd JC, Juchnowski S, Lopes JP, 
Sparks S, Park SS, Ishikawa M, Osborne R, 
Washam JB, Chan C, Funderburg NT, Owoyele 
A, Alaiti MA, Mayuga M, Orringer C, Costa MA, 
Simon DI, Tatsuoka C, Califf RM, Newby LK, 
Lederman MM and Weinhold KJ. Altered matu-
ration status and possible immune exhaustion 
of CD8 T lymphocytes in the peripheral blood 
of patients presenting with acute coronary syn-
dromes. Arterioscler Thromb Vasc Biol 2016; 
36: 389-397.

[17] Hasib L, Lundberg AK, Zachrisson H, Ernerudh 
J and Jonasson L. Functional and homeostatic 
defects of regulatory T cells in patients with 
coronary artery disease. J Intern Med 2016; 
279: 63-77.

[18] Flego D, Severino A, Trotta F, Previtero M, Ucci 
S, Zara C, Massaro G, Pedicino D, Biasucci LM, 
Liuzzo G and Crea F. Increased PTPN22 ex-
pression and defective CREB activation impair 
regulatory T-cell differentiation in non-ST-seg-
ment elevation acute coronary syndromes. J 
Am Coll Cardiol 2015; 65: 1175-1186.

[19] Wang ZX, Wang CQ, Li XY, Ding Y, Feng GK and 
Jiang XJ. Changes of naturally occurring CD4(+)
CD25(+) FOXP3(+) regulatory T cells in pa-
tients with acute coronary syndrome and the 
beneficial effects of atorvastatin treatment. Int 
Heart J 2015; 56: 163-169.

[20] Hori S, Nomura T and Sakaguchi S. Control of 
regulatory T cell development by the transcrip-
tion factor Foxp3. Science 2003; 299: 1057-
1061.

[21] Bennett CL, Christie J, Ramsdell F, Brunkow 
ME, Ferguson PJ, Whitesell L, Kelly TE, Sauls-
bury FT, Chance PF and Ochs HD. The immune 
dysregulation, polyendocrinopathy, enteropa-
thy, X-linked syndrome (IPEX) is caused by mu-
tations of FOXP3. Nat Genet 2001; 27: 20-21.

[22] Feng Y, Arvey A, Chinen T, van der Veeken J, 
Gasteiger G and Rudensky AY. Control of the 
inheritance of regulatory T cell identity by a cis 
element in the Foxp3 locus. Cell 2014; 158: 
749-763.

[23] Spreafico R, Rossetti M, van den Broek T, Jan-
sen NJ, Zhang H, Moshref M, Prakken B, van 
Loosdregt J, van Wijk F and Albani S. A sensi-
tive protocol for FOXP3 epigenetic analysis in 
scarce human samples. Eur J Immunol 2014; 
44: 3141-3143.

[24] Kennedy A, Schmidt EM, Cribbs AP, Penn H, 
Amjadi P, Syed K, Read JE, Green P, Gregory B 
and Brennan FM. A novel upstream enhancer 
of FOXP3, sensitive to methylation-induced si-
lencing, exhibits dysregulated methylation in 
rheumatoid arthritis treg cells. Eur J Immunol 
2014; 44: 2968-2978.

[25] Bending D, Pesenacker AM, Ursu S, Wu Q, Lom 
H, Thirugnanabalan B and Wedderburn LR. Hy-
pomethylation at the regulatory T cell-specific 
demethylated region in CD25hi T cells is de-
coupled from FOXP3 expression at the in-
flamed site in childhood arthritis. J Immunol 
2014; 193: 2699-2708.

[26] Beavis PA, Gregory B, Green P, Cribbs AP, Ken-
nedy A, Amjadi P, Palfreeman AC, Feldmann M 
and Brennan FM. Resistance to regulatory T 
cell-mediated suppression in rheumatoid ar-
thritis can be bypassed by ectopic foxp3 ex-
pression in pathogenic synovial T cells. Proc 
Natl Acad Sci U S A 2011; 108: 16717-16722.

[27] Di Ianni M, Del Papa B, Cecchini D, Bonifacio E, 
Moretti L, Zei T, Ostini RI, Falzetti F, Fontana L, 
Tagliapietra G, Maldini C, Martelli MF and 
Tabilio A. Immunomagnetic isolation of CD4+ 
CD25+FoxP3+ natural T regulatory lympho-
cytes for clinical applications. Clin Exp Immu-
nol 2009; 156: 246-253.

[28] Chistiakov DA, Sobenin IA and Orekhov AN. 
Regulatory T cells in atherosclerosis and strat-
egies to induce the endogenous atheroprotec-
tive immune response. Immunol Lett 2013; 
151: 10-22.

[29] Emoto T, Sasaki N, Yamashita T, Kasahara K, 
Yodoi K, Sasaki Y, Matsumoto T, Mizoguchi T 
and Hirata K. Regulatory/effector T-cell ratio  
is reduced in coronary artery disease. Circ J 
2014; 78: 2935-2941.

[30] Sakaguchi S, Yamaguchi T, Nomura T and Ono 
M. Regulatory T cells and immune tolerance. 
Cell 2008; 133: 775-787.

[31] Tu H, Li Q, Xiang S, Jiang H, Mao Y, Shou Z and 
Chen J. Dual effects of statins therapy in sys-
temic lupus erythematosus and SLE-related 
atherosclerosis: the potential role for regulato-
ry T cells. Atherosclerosis 2012; 222: 29-33.

[32] Meng K, Zhang W, Zhong Y, Mao X, Lin Y, Huang 
Y, Lang M, Peng Y, Zhu Z, Liu Y, Zhao X, Yu K, 
Wu B, Ji Q and Zeng Q. Impairment of Circulat-
ing CD4(+)CD25(+)GARP(+) regulatory T cells 
in patients with acute coronary syndrome. Cell 
Physiol Biochem 2014; 33: 621-632.

[33] De Boer OJ, van der Meer JJ, Teeling P, van der 
Loos CM and van der Wal AC. Low numbers of 
FOXP3 positive regulatory T cells are present in 
all developmental stages of human atheroscle-
rotic lesions. PLoS One 2007; 2: e779.

[34] Toker A, Engelbert D, Garg G, Polansky JK, 
Floess S, Miyao T, Baron U, Duber S, Geffers R, 
Giehr P, Schallenberg S, Kretschmer K, Olek S, 
Walter J, Weiss S, Hori S, Hamann A and Huehn 
J. Active demethylation of the Foxp3 locus 
leads to the generation of stable regulatory T 
cells within the thymus. J Immunol 2013; 190: 
3180-3188.


