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Mohammad Reza Yazdani1, Shahdad Khosropanah2, Mehrnoosh Doroudchi1

A b s t r a c t

Introduction: T regulatory cells (Tregs) are known as immunoregulatory cells 
that are reduced in atherosclerosis. Tregs are a  part of crosstalk between 
the immune system and lipoprotein metabolism, both of which are involved 
in atherosclerotic processes. Depletion of Tregs leads to impaired clearance 
of low density lipoprotein (LDL), and intracellular cholesterol homeostasis 
affects Treg cell development. Furthermore, the atherosclerotic environment 
affects the Treg cells’ phenotype and plasticity. Plasticity between Tregs and 
Th17 cells has been a  matter of investigation lately. We investigated the 
frequency of interleukin-17 (IL-17)-producing Tregs in the peripheral blood 
of patients with atherosclerosis.
Material and methods: We studied 10 non-diabetic patients with significant 
coronary artery disease (CAD) as the patient group, and seven non-diabetic 
individuals with normal coronary angiography/insignificant CAD as the con-
trol group. Peripheral blood mononuclear cells were stained with fluorescent 
antibodies to detect CD4, CD45RO, IL-17, and Foxp3 expression both before 
and after stimulation with PMA/Ionomycin. Cell enumeration was performed 
using flowcytometry and analysed using Mann-Whitney test.
Results: CD4+IL-17+Foxp3+ and CD4+IL-17+Foxp3- subsets showed higher 
frequencies in patients than in controls both before (p = 0.0031, p = 0.033, 
respectively) and after stimulation (p = 0.0027 and p = 0.0013, respectively). 
Interestingly, CD4+IL-17+Foxp3+ cells were almost exclusively CD45RO+ with 
a much higher frequency in patients than in controls (p = 0.0027, p = 0.0007). 
After stimulation, the frequency of CD4+CD45RO+IL-17+Foxp3+ lymphocytes 
increased to a greater extent in patients (p < 0.0001) than in controls. 
Conclusions: Interleukin-17 production by an intermediate population with 
an activated Treg phenotype in our patients may point to the population 
heterogeneity or plasticity in Tregs during atherosclerotic inflammation.

Key words: interleukin-17, Treg, atherosclerosis, Foxp3.

Introduction

Various types of haematopoietic cells, such as Th17 cells, γδ T cells, 
natural killer (NK) T cells, macrophages, dendritic cells, neutrophils, and 
mast cells, can produce interleukin-17 (IL-17) in response to pro-in-
flammatory cytokines [1]. Th17 cells may directly derive from naïve  
T cells that are generated in the thymus and are therefore called natural 
Th17 (nTh17) cells, but they can also be induced in the periphery from 
naïve cells, or they can result from the conversion of other cell types 
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[2]. The IL-17 family of cytokines contains six iso-
forms, from A  to F; however, Th17 cells are able 
to produce only IL-17A and IL-17F, both of which 
are pro-inflammatory cytokines. There is evidence 
that IL-17A and/or IL-17F are/is responsible for 
the development of inflammation in many disor-
ders, especially in autoimmune diseases like rheu-
matoid arthritis (RA), psoriasis, juvenile idiopathic 
arthritis (JIA), Crohn’s disease, and many others 
[3]. Th17 cells show a  high degree of plasticity 
thereby exhibiting trans-differentiation to Th1 or 
Treg cells, as well as TR1, Th2, or TFH cells. This po-
tential endows them with multiple and opposing 
functions, therefore allowing them to elicit quali-
tatively distinct responses depending on different 
micro-environments [4]. In humans, IL-17/interfer-
on-γ (IFN-γ) dual-producing T cells are described in 
several inflammatory autoimmune diseases such 
as Crohn’s disease [5], rheumatoid arthritis [6], 
multiple sclerosis, and atherosclerosis [7, 8]. Plas-
ticity between Th17 and Treg cells has also been 
reported where Foxp3+IL-17+CD4+ cells were de-
tected in psoriatic lesions [9]. These cells are also 
detected in the synovia of patients with active 
rheumatoid arthritis [10]. The interrelation be-
tween Th17 and Treg populations is probably very 
important in the pathogenesis of autoimmune 
and inflammatory diseases because deviation of 
critical balance in favour of Th17 cells significantly 
enhances the severity of disease. 

Atherosclerosis, a chronic inflammatory disease 
of the artery walls, affects human beings from all 
social, ethnic, and economic backgrounds [11]. 
Atherosclerotic lesions contain monocytes, mac-
rophages, smooth muscle cells (SMCs), and T lym-
phocytes [12]. T cells constitute ≈10% of all cells 
in human plaques, of which 70% are described 
to be CD4+ and the remaining are largely CD8+ 
[13]. Tregs and Th17 cells are the two main CD4+ 
T cell subsets that have important roles in the 
pathogenesis of atherosclerosis. Th17 cells [8] and 
IL-17+δγ T cells [14] have recently been detected 
within human and mouse atherosclerotic vessels. 
An increase in the circulating levels of Th17 cells 
has been observed in patients with acute chronic 
syndrome (ACS) compared with patients with sta-
ble angina and healthy controls, and the number 
and function of Tregs are reported to be reduced 
as well [15, 16]. The Treg/Th17 ratio and Treg fre-
quency are reported to be negatively correlated 
with levels of serum oxidised low-density lipopro-
tein (Ox-LDL), high-sensitivity C-reactive protein 
(hsCRP), lipoprotein (a) (Lp[a]), and MB iso-enzyme 
of creatine kinase (CK-MB), while Th17 frequency 
positively correlated with levels of these biomark-
ers [17]. While the extent of the role that Th17 
plays in the progression of atherosclerosis is still 
controversial, we and others found an increased 

frequency of Th17 cells in patients with atheroscle-
rosis [18, 19]. In this regard, deficiency or depletion 
of IL-17, the signature Th17 cytokine, or its receptor 
is reported to be atheroprotective [14, 20, 21]. IL-17 
maintains plaque stability by inducing proliferation 
of SMCs and collagen content in atherosclerotic 
plaques [22]. In addition, IL-17 can down-regulate 
the expression of vascular cell adhesion molecule 
(VCAM)-1 in endothelial cells and prevent mono-
cyte adherence; it can also prevent T cell infiltra-
tion into plaques [23]. On the other hand, IL-17 can 
induce the release of chemokines such as CXCL1, 
CXCL2, CXCL8, and CXCL10, and the chemokines 
can then recruit neutrophils and monocytes to 
the atherosclerotic lesion [24, 25]. IL-17 can also 
stimulate macrophages to produce inflammatory 
cytokines, such as IL-6, TNF-α, and IL-1β [26–28]. 
Moreover, IL-17 can promote matrix metallopro-
teinase (MMP) production (MMP-1, 3, 9, and 13) in 
fibroblasts, endothelial cells, and epithelial cells [29, 
30]. IL-17 induces apoptosis of vascular endothelial 
cells by activating caspase-3 and caspase-9 and by 
increasing the Bax/Bcl-2 ratio [31]. 

In addition to Th17 cells, Tregs which are found in 
atherosclerotic lesions may play a protective role in 
the atherosclerosis [32]. Tregs are divided into two 
main categories: induced Tregs (iTregs) and natural 
Tregs (nTregs) [33]. nTregs have two subtypes known 
as resting (CD4+CD25+Foxp3+CD45RA+) and effector 
(CD4+CD25hiFoxp3hiCD45RO+) Tregs [34]. iTregs, on 
the other hand, are generated in the periphery from 
CD4+CD25− T cells and seed for Tr1 and Th3 sub-
sets [33]. It is reported that patients with coronary 
artery disease (CAD) have reduced peripheral Treg-
cell numbers, determined as CD4+CD25+Foxp3+,  
CD4+CD25hi, or CD4+TGF-β+Th3 cells [35]. In ad-
dition to preventing the accumulation of inflam-
matory cells and their cytokines, increasing con-
version of M1 to M2 macrophages [36], increasing 
secretion of anti-inflammatory cytokines, and in-
hibition of B cell activation, Tregs may affect blood 
cholesterol levels. Accordingly, previous studies 
showed that expansion of Tregs stabilises athero-
sclerotic lesions, and adenovirus-mediated IL-10 
gene transfer in Ldlr–/– mice reduces atherogen-
esis [37, 38]. Moreover, PEGrIL-10 enhances cho-
lesterol uptake by Kupffer cells concomitant with 
reduction of all forms of plasma lipids in Ldlr–/– 
mice. 

Previous information suggests that the plas-
ticity of CD4+ T cells may be a game changer in 
favour of atherosclerosis progression [39, 40]. 
The recruitment of CD4+ T cells to the lesion and 
chronic exposure to inflammatory cytokines may 
provide an environment in which Tregs express 
IL-17 and exhibit deficient anti-inflammatory re-
sponse. In a previous report, we showed that both 
resting and activated Tregs decrease in athero-
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sclerosis [41]. The decrease in CD4+CD45RO+C-
D25hiFoxp3hi in our patients was simultaneous 
with an increase in CD4+CD45RO+CD25+Foxp3- 
effector/memory T cells [41]. In the current study, 
we investigated the possibility of IL-17 production 
by Tregs (Foxp3+) in patients with atherosclerosis, 
in comparison with that of individuals with nor-
mal/insignificant arterial lesion. Our results indi-
cated that the frequencies of IL-17+Foxp3+ and  
IL-17+Foxp3- CD4+ T cells were higher in patients 
than in controls before and after stimulation. We 
also found that after stimulation with PMA/ION, 
the percentage of CD4+CD45RO+IL-17-Foxp3+ T 
cells (activated T regulatory – aTregs) increased in 
controls compared with patients (p = 0.0006). But 
the frequencies of CD4+CD45RO-IL-17+Foxp3-  
T cells (Th17) and CD4+CD45RO+IL-17+Foxp3-  
T cells were higher in patients than in controls  
(p = 0.004 and p = 0.0001, respectively). In the 
patient group, the frequency of effector/memory 
T cells remained higher than in controls after stim-
ulation (p = 0.004). The percentage of nTregs was 
increased in controls compared with patients after 
stimulation with PMA/ION (p = 0.04). 

Material and methods

Subjects

This study was approved by the Ethics Com-
mittee of Shiraz University of Medical Science 
(SUMS). The participants were informed about the 
aim of this study as well as the safety and secu-
rity measures, and then the written consent was 
obtained. After detection and confirmation of 
atherosclerosis by coronary angiography, 15 ml of 
heparinised blood was obtained from each of the 
10 non-diabetic patients (5 men and 5 women 
aged 60.4 ±12.91 years) who were diagnosed with 
coronary artery disease. The control group con-
sisted of 7 non-diabetic, non-smoking individuals  
(3 men and 4 women aged 50.85 ±11.75 years) 
with normal coronary angiography/insignificant 
CAD. Peripheral blood mononuclear cells (PBMCs) 
were separated from blood by density gradient cen-
trifugation on Ficoll. Flow cytometry experiments 
were performed both without stimulation and after 
stimulation with PMA (50 ng/ml) and ionomycin 
(250 ng/ml), using fluorescent antibodies against 
CD4, CD45RO, IL-17, and Foxp3 markers, for detec-
tion of CD4, CD45RO, IL-17, and Foxp3 expression.

Isolation of peripheral blood mononuclear 
cells 

PBMCs were isolated by density gradient cen-
trifugation (Ficoll-Paque PLUS, Inno-train, Germa-
ny) and cryopreserved in 10% dimethyl sulfoxide 
(DMSO; Sigma-Aldrich) in foetal bovine serum 
(FBS Biosera, UK).

Treg subset detection by flowcytometry

For enumeration of Th17 and Treg cells, PBMCs 
(1 × 106 cells) were washed and divided in two 
tubes. The cells in one tube were kept un-stimu-
lated and the cells in the second tube were stim-
ulated. Stimulation was performed with phorbol 
myristate acetate (PMA, 50 ng/ml, Sigma) plus 
ionomycin (ION, 250 ng/ml, Sigma) at 37°C and 
5% CO2. Golgi-stop was added to both tubes af-
ter 1 h, and the cells were incubated for anoth-
er 18 h at 37°C and 5% CO2. Then the cells were 
washed and stained using conjugated antibod-
ies: anti-CD45RO-FITC (BD Pharmingen), anti- 
CD4-PerCP (BD Pharmingen), anti-IL-17-Alexa 
fluor 647 (BD Pharmingen), and anti-Foxp3-PE 
(BD Pharmingen) and were incubated at 4°C for  
30 min. For intracellular staining of Foxp3 and  
IL-17 molecules, the cells were fixed and permea-
bilised by Foxp3 buffer set (BD, USA) before adding 
the conjugated Foxp3 and IL-17 antibodies. The 
cells were subsequently washed and resuspended 
in PBS containing 10% FBS. For each sample, 1 × 
105 cells were acquired by FACScalibur flowcytom-
eter. Live lymphocytes were gated on forward and 
side scatter, and flowcytometry analysis was car-
ried out by FlowJo software (version 7.6.2). 

Statistical analysis

The statistical analysis was performed using 
SPSS software (version 22, Chicago, IL) and Graph-
Pad prism (version 6, La Jolla, CA). Mann-Whitney 
U test was used for non-parametric comparison of 
the medians. P-values less than 0.05 were consid-
ered significant.

Results

Frequencies of IL-17- and Foxp3-expressing 
CD4+ T cells

After gating on live CD4+ T cells we evaluated 
the T helper subsets in patients and controls based 
on the expression of IL-17 and Foxp3 in non-stimu-
lated and stimulated conditions (Figure 1 A). Inter-
estingly, we found significantly higher frequencies 
of IL-17+Foxp3+ and IL-17+Foxp3- cells both in the 
presence (p = 0.0027 and p = 0.0013) and absence 
(p = 0.0031 and p = 0.033) of PMA /ION stimulation 
in patients than in controls (Figure 1 B). This was 
accompanied by a  decrease in the IL-17-Foxp3+ 
and IL-17-Foxp3- populations in patients.

Treg/Th17 ratio in patients with 
atherosclerosis and controls in  
non-stimulated and stimulated conditions

We observed an imbalance in Treg (CD4+-
Foxp3+)/Th17 (CD4+IL-17+) frequencies in pa-
tients with atherosclerosis disease. Our result 
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Figure 1. Frequencies of IL-17 and Foxp3 in the CD4+ T-cell population. A – Representative dot plots illustrating 
production of IL-17 and Foxp3 in the CD4+ T cells in a control individual and in a patient with atherosclerosis in 
non-stimulated and stimulated conditions. 

showed a  Treg/Th17 decrease in patients com-
pared with controls in non-stimulated and PMA/
ION stimulated conditions (Table I).

Frequencies of IL-17- and Foxp3-expressing 
CD4+CD45RO+ T cells

As shown in Figures 2 A and B, the frequency 
of CD4+CD45RO+IL-17+ Foxp3+ (aTreg) cells was 

higher in patients compared with controls before 
and after stimulation with PMA/ION (p = 0.0136 
and p = 0.0027). After stimulation, the frequency  
of CD4+CD45RO+IL-17+Foxp3+ lymphocytes in-
creased to a greater extent in patients (p < 0.0001) 
compared to controls (p = 0.149). 

The frequency of the CD4+CD45RO+IL-17+ 
Foxp3– effector/memory T-cell subset was high-
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Figure 1. Cont. B – Frequencies of IL-17+Foxp3+ and IL-17+Foxp3- CD4+ lymphocytes were higher in patients both 
in non-stimulated and in PMA/ionomycin stimulated conditions. The cells were gated on CD4+ population after 
gating on live lymphocytes, and then the frequencies of IL-17 and Foxp3 subsets were determined. Two of the 
control samples were lost after stimulation and are not included in the results

Table I. Treg/Th17 in patients with atherosclerosis 
and controls in non-stimulated and stimulated con-
ditions

%Treg /Th17SampleCondition

5.25112ControlStimulated

2.854191Patient

5.099027ControlNon-stimulated

1.792115Patient

er in patients than controls, and it increased after 
stimulation (p = 0.0250, p = 0.0007). The frequen-
cy of the CD4+CD45RO+IL-17-Foxp3- T cells was 
higher in controls after stimulation with PMA/ION 
(p = 0.04). 

Frequencies of IL-17- and Foxp3-expressing 
CD4+CD45RO- T cells

The frequencies of CD4+CD45RO-IL-17- Foxp3+ 
(nTregs) did not show any difference between pa-
tients and controls (Figures 2 C, D and 3).

The mean fluorescent intensity (MFI) of 
Foxp3 and IL-17 in different T-cell subsets.

Our data showed that the MFIs of IL-17 and 
Foxp3 in different CD4+ T-cell subsets (CD4+C-
D45RO+ and CD4+CD45RO–) were not signifi-
cantly different between controls and patients in 
non-stimulated and stimulated conditions (Fig- 
ure 4). However, by considering the MFI of IL-17 
in IL-17-Foxp3+, IL-17-Foxp3-, IL+17-Foxp3+, and  
IL-17+Foxp3- populations, we observed that only 
in CD4+CD45RO+ population was there a  signif-
icant difference in IL-17 MFI. In this population, 
both before and after stimulation with PMA/ION, 
the MFI of IL-17 in the IL-17+Foxp3+ population 
was higher in patients than in controls (p = 0.04) 
(Figure 5).

Discussion

Our results in this study confirmed that the 
frequency of IL-17-producing cells increases in 
patients with atherosclerosis in both non-stim-
ulated and stimulated conditions. This finding 
is in agreement with previous studies, which 
showed that IL-17-producing γδ T cells [42] and 

Th17 increase in atherosclerosis [43]. Our results 
also showed that the Treg/Th17 ratio decreased 
in patients compared with controls. Our most in-
teresting finding was, however, the presence of 
IL-17+Foxp3+CD4+ T cells in our patients, which 
increased in frequency after stimulation (Fig-
ure 1 B). Interestingly, this CD4+ population had 
a CD45RO+ (memory) but not a CD45RO- (effec-
tor) phenotype (Figure 2). Previous studies have 
shown an increase in circulating Th17 accom-
panied by a  reduced number and suppression 
efficiency of Treg cells [16, 44]. We previously 
showed that the frequency of CD4+CD45RO+C-
D25hiFoxp3hi T-cells (activated nTregs) decreases 
in patients with atherosclerosis [41]. Another 
study showed that both resting Treg and activated 
Treg decrease in atherosclerosis whereas CD4+C-
D45RA-Foxp3lo cells, which produce IFN-γ without 
suppressor function, increase in patients with 
atherosclerosis [45]. Considering the increase 
in the expression of IL-17 in the CD4+CD45RO+ 
population and the presence of intermediate pop-
ulations, it is likely that these cells are activated 
Tregs, which are to lose the expression of Foxp3 
and become IL-17-producing CD4+CD45RO+-
Foxp3- cells. This assumption is consistent with 
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the observed higher frequency of IL-17+Foxp3+ 
cells in our patients. 

Our findings on the presence of intermediate 
IL-17-producing Tregs in human atherosclerosis is 
new, but the presence of such populations in oth-
er inflammatory diseases is known. Indeed, since 
the first reports on IL-17-producing Tregs in 2009 
[46], several studies have confirmed the presence 
of double-positive IL-17-producing Tregs, and the 
plasticity of Tregs and Th17 cells is now well doc-
umented [10, 47–50]. While most of these studies 
studied the lamina propria tissue or diseases that 
affect the mucosal tissues such as colon cancer, 
ulcerative colitis, and inflammatory bowel disease, 
there are other studies that have shown the con-
version of Tregs to IL-17-producing cells under in-
flammatory conditions. A previous study showed 
beautifully that even Foxp3+Tregs from healthy 
donors can differentiate to IL-17-producing cells, 
and IL-17+Foxp3+ clones can be generated in 
vitro [10, 46]. Moreover, recent studies detected 
Foxp3+IL-17+ T cells in psoriatic lesions and sy-
novia of patients with active rheumatoid arthritis 

[4, 10]. However, the reports on their presence in 
atherosclerosis are scarce.

Despite the increased frequency of CD4+IL-17+ 
and decreased frequency of CD4+Foxp3+ T cells 
in our patients, the MFI of both IL-17 and Foxp3 
was lower in patients than in controls. This is 
consistent with the transitional phenotype and 
is in accordance with our previous finding that 
showed the mRNA expression of Foxp3 and TGF-β 
decrease in PBMCs of patients with atheroscle-
rosis [41]. Moreover, it has been reported that in 
rheumatoid arthritis, CD25lo Tregs lose their Foxp3 
expression during conversion to Th17 cells under 
the effect of inflammatory milieu, especially IL-6, 
which is a  major player in the inflammatory re-
sponse during atherosclerosis [10, 51]. 

In conclusion, our study reaffirms the increased 
frequency of IL-17-producing cells in atherosclero-
sis and suggests a reduced Treg/Th17 ratio in our 
patients. Our data may suggest a population shift 
from Foxp3+ to Foxp3+IL-17+ and Foxp3- cells in 
atherosclerosis; however, this assumption needs 
further investigation.
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Figure 3. Frequencies of IL-17- and Foxp3-expressing memory subsets. Frequencies of IL-17- and Foxp3-expressing 
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tion and are not included in the results
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