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Statins Induce the Accumulation of Regulatory T Cells in

Atherosclerotic Plaque
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CD4*CD25* regulatory T cells (Tregs) mediate immune suppression and prevent autoimmune disorders. Recently, Tregs were
found to present in atherosclerofic lesions and play an important role in the progression of atherosclerosis. Statins have im-
munomodulatory properties, and the effect of stafins on atherosclerosis depends in part on their immunomodulatory mechao-
nisms. We sought to defermine whether statins exhibit an effect on Tregs in atherosclerotic plaques and in peripheral circulation
of patients with acute coronary syndrome (ACS). In an in vivo experiment, we induced atherosclerotic plagues in apolipoprotein
E-deficient (ApoE™”") mice. The mice were randomly divided into two groups for 6-wk freatment: simvastatin (50 mg/kg/d) or ve-
hicle (control). Simvastatin significantly increased the number of Tregs and the expression of Treg marker Foxp3 (Forkhead/winged
helix franscription factor), transforming growth factor (TGF)-p and interleukin (IL)-10 in atherosclerotic plaques. Moreover, sim-
vastatin played an important role in modulating the balance between antiinflarsnmatory (Tregs and Th2 cells) and proinflamma-
tory (Th17 and Th1 cells) subsets of T cells. In an in vifro experiment, peripheral blood mononuclear cells (PBMCs) were isolated
from patients with ACS and incubated with simvastatin. Affer an incubation for 96 h, simvastatin significantly enhanced the fre-
guency and functional suppressive properties of Tregs. Therefore, statfin freatment may influence Tregs in atherosclerotic lesions.
Furthermore, statins improved the quantity and suppressive function of Tregs in ACS patients.
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INTRODUCTION

The pathogenesis of atherosclerosis is
multifactorial. Much attention has been
given to the role of the immune system
in the development of atherosclerosis.
Both innate and adaptive immunity are
involved in the progression and destabi-
lization of atherosclerotic plaque (1).
Also, accelerated atherosclerosis was
found in some autoimmune diseases

such as systemic lupus erythematosus,
systemic sclerosis and rheumatoid
arthritis (2,3).

T cell-mediated pathogenic immune
responses contribute to atherosclerotic
plaque formation and progression (4).
Interferon (IFN)-y—producing T helper 1
(Th1) cells and interleukin (IL)-17—
producing Th17 cells may compose the
predominant activated T cells (5). Th1l
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and Th17 cells played a key role in

the progression of atherosclerosis and
plaque instability (6). On the contrary,
CD4'CD25" regulatory T cells (Tregs), as
a healthy T-cell compartment, were capa-
ble of mediating immune suppression,
preventing activated T-cell responses and
autoimmune disorders (7). Tregs might
modulate the balance of other T-cells
such as Th1, Th2 and Th17 cells (8-10).
Lack or dysfunction of Tregs can destroy
immune homeostasis and result in many
pathological conditions. Recently, consid-
erable evidence supported that Tregs
play a central role in progression of ath-
erosclerosis (11). It has been reported that
atherosclerotic lesions were decreased
with tail-vein delivery of Tregs, while
being significantly increased with injec-
tion of Treg-depleting antibody in animal
models (11,12). Furthermore, the number
of Tregs decreased and their functional
properties were compromised in patients
with acute coronary syndrome (ACS)



(13). Forkhead / winged helix transcrip-
tion factor (Foxp3), a specific marker for
Tregs, is essential for Treg regulatory ac-
tivity and survival, and lack of Foxp3
may lead to Treg dysfunction (14,15).

Statins (HMG-CoA [hydroxymethyl-
glutaryl-coenzyme A] reductase in-
hibitors) reduce the risk of cardiovascu-
lar disease and stroke and have been
used widely in primary and secondary
prevention of atherosclerosis. These
drugs improve endothelial function, re-
duce inflammation, prevent the progres-
sion of atherosclerosis and promote sta-
bility in vulnerable atherosclerotic
plaque (16). In addition to their potent
lipid-lowering capabilities, statins have
beneficial pleiotropic effects (17). They
possess immunomodulatory properties,
including inhibiting interferon (IFN)-y—
induced expression of major histocom-
patibility complex (MHC) class II genes
and effector T-cell activation, and their
role in atherosclerosis depends in part on
their immunomodulatory mechanism
(18,19).

However, whether statin treatment is
able to influence Treg numbers in athero-
sclerotic plaques is still unclear. There-
fore, we aimed to detect the change in
levels of Tregs and their master tran-
scription regulator (Foxp3) in atheroscle-
rotic plaques after simvastatin treatment
in apolipoprotein E-deficient (ApoE ™)
mice models. We also investigated the ef-
fect of simvastatin treatment on the lev-
els of Tregs and immunosuppressive
function in the peripheral circulation of
patients with ACS.

MATERIALS AND METHODS

Animals

A total of 40 male ApoE ™/~ mice on a
C57BL/6 background (10 wks old) were
obtained from Beijing University Animal
Research Center. All mice were housed
in our facility and fed a “Western-type”
diet (0.25% cholesterol and 15% cocoa
butter) and water ad libitum throughout
the study. The institutional ethics com-
mittee of Shandong University approved
the animal use in the study.

Two weeks after the start of the diet,
all ApoE™/~ mice were anesthetized with
intraperitoneal pentobarbital sodium
(40 mg/kg). Then a silastic perivascular
collar (3 mm long, 0.3 mm internal diam-
eter) was placed around the right com-
mon carotid artery under sterile condi-
tions to induce atherosclerotic lesions
(20,21). Six weeks after surgery, all mice
were randomly assigned to two groups
(n =20 per group): a simvastatin group
that received intragastric administration
of simvastatin (50 mg/kg/d) in 0.5%
methylcellulose and a control group
that received methylcellulose alone. The
dose of simvastatin was based on the
doses used in previous studies (18). After
6 wks, the mice were euthanized and tis-
sues were harvested for further analysis.

Lipid profile

At the end of 14 wks, mice were fasted
overnight. Blood samples were collected
by cardiac puncture at the time of sacri-
fice, and serum was separated. The con-
centrations of total cholesterol, triglyc-
erides, low-density lipoprotein (LDL)
cholesterol and high-density lipoprotein
(HDL) cholesterol were measured.

Immunohistochemistry

In the animals, the right common
carotid arteries were removed and con-
secutive sections (5-um thickness) were
collected from each mouse for immuno-
histochemical analysis. Frozen sections of
right common carotid arteries were per-
formed for immunohistochemical analy-
sis, including natural Tregs (Foxp3, 1:100;
eBioscience, San Diego, CA, USA), IL-4
(1:100; Abcam, Cambridge, UK), IL-1f3
(1:100; Abcam), IL-17 (1:100; Abcam) and
IFN-y (1:100; Abcam).

Image Pro Plus 6.0 (Media Cybernet-
ics, Bethesda, MD, USA) was used to
quantify, and each lesion analysis was as-
sessed by an observer blinded to the
study.

Quantitative Real-Time Polymerase
Chain Reaction

Total RNA was isolated from the right
common carotid arteries from the mice
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with use of Trizol (Invitrogen, Carlsbad,
CA, USA). Real-time—polymerase chain
reaction (RT-PCR) was performed to de-
termine the gene expression of Foxp3,
transforming growth factor (TGF)-,
IL-10, IL-4, IL-1B, IL-17, IFN-y and glyc-
eraldehyde-3-phosphate dehydrogenase
(GAPDH). The primer sequences were as
follows: Foxp3, sense 5'-CCCAT CCCCA
GGAGT CTTG-3', antisense 5'-ACCAT
GACTA GGGGC AC TGTA-3'; TGF-p,
sense 5'-CTCCC GTGGC TTCTA
GTGC-3', antisense 5-GCCTT AGTTT
GGACA GGATC TG-3'; IL-10, sense
5'-GCTCT TACTG ACTGG CATGA G-3/,
antisense 5-CGCAG CTCTA GGAGC
ATGTG-3'; IL-4, sense 5'-CATCG GCATT
TTGAA CGAGG TCA-3', antisense 5'-
GCTAC GGACC TAAGT AGCTA
TTC-3'; IL-18, sense 5'-GCAAC TGTTC
CTGAA CTCAA CT-3/, antisense 5'-
ATCTT TTGGG GTCCG TCAAC T-3';
IL-17, sense 5'-TCCCT CTGTG ATCTG
GGAAG-3/, antisense 5'-CTCGA CCCTG
AAAGT GAAGG-3'; IFN-y, sense 5'-
CATTG AAAGC CTAGA AAGTC TG-3,
antisense 5'-CTCAT GAATG CATCC
TTTTT CG-3'; and GAPDH, sense 5'-
AGGTC GGTGT GAACG GATTT G-3/,
antisense 5-TGTAG ACCAT GTAGT
TGAGG TCA-3'. mRNA levels were nor-
malized to that of the housekeeping gene
GAPDH. Data are representative of five
independent experiments.

Western Blot Analysis

The right common carotid arteries of
ApoE~~ mice were isolated and protein
was extracted. Proteins samples were
separated by 10-12% sodium dodecyl
sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and electrotransferred to
nitrocellulose membranes. The mem-
branes were blocked in 5% nonfat milk
for 2 h at room temperature, followed by
incubation overnight at 4°C with appro-
priate primary antibody: anti-p-actin an-
tibody (1:1,000; Cell Signaling Technol-
ogy, Danvers, MA, USA), anti-Foxp3
antibody (1:500, eBioscience), anti-TGF-f
antibody (1:500, Abcam) and anti-IL-10
antibody (1:1,000, Abcam). After an incu-
bation with peroxidase-conjugated sec-
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ondary antibodies for 2 h at room tem-
perature, the membranes were deter-
mined with chemiluminescent substrate
(Millipore, Billerica, MA, USA). f-Actin
immunoblot analysis was used to verify
equal loading of protein.

Enzyme-Linked Immunosorbent Assay
Murine sera were obtained and stored
at —80°C. The concentrations of IL-10,
IFN-y and IL-17 in serum were deter-
mined by use of an enzyme-linked im-
munosorbent assay (ELISA) kit (Bender
MedSystems, Burlingame, CA, USA).
Each sample was assayed in triplicate.

Isolation of Peripheral Blood
Mononuclear Cells and Cell Culture

We obtained blood samples from 10
male ACS patients (mean age 54 + 5
years) with confirmed atherosclerosis by
coronary arteriography. Exclusion criteria
included the following: (a) ongoing or
previous treatment with statins or im-
munosuppressive drugs, (b) hyperten-
sion, (c) diabetes mellitus, (d) hyperlipi-
demia, (e) smoking, (f) cancer, (g) chronic
immune-mediated disorders and (h) liver
or kidney disease. Our institution’s ethics
committee approved the study, and all
patients gave their informed written con-
sent for use of blood samples.

Peripheral blood mononuclear cells
(PBMCs) were isolated from blood sam-
ples and prepared at 1 x 10° cells/mL in
RPMI 1640 medium containing 10%
fetal bovine serum and 1% penicillin/
streptomycin without additives (control)
or with simvastatin (1 or 10 umol/L) for
96 h. The dose of simvastatin was on the
basis of the doses used in previous stud-
ies (22,23).

Flow Cytometry

After 96 h incubation, PBMCs in differ-
ent cultures were harvested for flow cy-
tometry to detect CD4'CD25 Foxp3"
Tregs with use of the Human Regulatory
T Cell Staining Kit (eBioscience). Pre-
pared PBMCs were incubated with fluo-
rescein isothiocyanate (FITC)-labeled
anti-human CD4 antibodies and Allo-
phycocyanin (APC)-labeled anti-human

Table 1. Body weight and biochemical parameters in two groups of mice.

Parameters Control group Simvastatin group
Body weight (g) 30.74 + 3.24 30.22 + 3.83
Total cholesterol (mmol/L) 20.82 + 1.58 19.71 £ 1.86
Triglycerides (mmol/L) 1.42 £0.47 1.24 £0.21
LDL cholesterol (mmol/L) 568 +1.12 5.60 +1.01
HDL cholesterol (mmol/L) 1.77 £ 0.31 1.84 +0.32

CD25 antibodies for surface staining.
Then, cells were washed, resuspended in
a fixation and incubated at 4°C. After
washing, fixation and permeabilization,
cells were stained with phycoerythrin
(PE)-labeled anti-human Foxp3 antibody
at 4°C in the dark and then underwent
flow cytometry with a fluorescent-
activated cell sorter (FACS) (BD Bio-
sciences, San Jose, CA, USA) and ana-
lyzed with CellQuest software.

Functional Suppression Assays

Purified Tregs and CD4'CD25" cells
were sorted from PBMCs by use of the
CD4°CD25" Regulatory T Cell Isolation
Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). Purity of the two kinds of
cells was assessed by FACS (>95%).

In addition, different ratios of Tregs
and CD4"CD25" cells (1:1, 1:2, 1:4, 1:8)
were added to 96-well plates with plate-
bound anti-CD3 monoclonal antibody
(1 ug/well) and cocultured in RPMI 1640
medium containing 10% fetal bovine
serum, 1% penicillin/streptomycin, in
the presence of 10° CD4" cells pretreated
with mitomycin C (Sigma-Aldrich, St.
Louis, MO, USA) for 72 h. A total of
1 uCi [3H]-thymidine was added for the
final 16 h, and proliferation was assayed
with use of a scintillation counter
(p-counter). Percentage inhibition of pro-
liferation was determined by the follow-
ing formula: 1 — (median [3H]-thyrnidine
uptake of Tregs/CD4"CD25" coculture/
median [’H]-thymidine uptake of
CD4"°CD25" cells) (24,25). The experi-
ment was repeated in the presence of
simvastatin at 1 or 10 wmol /L.

Statistical Analysis
SPSS v13.0 (SPSS, Chicago, IL, USA)
was used for data analysis. Data are pre-
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sented as mean + SD. Student two-tail

t test was used for comparing two
groups, and one-way analysis of vari-
ance was used for more than two groups.
P < 0.05 was considered statistically
significant.

RESULTS

Body Weight and Biochemical
Parameters

At the time of sacrifice, simvastatin-
treated and control mice did not differ in
body weight (P > 0.05), and simvastatin
did not alter lipid levels (total choles-
terol, triglycerides and LDL and HDL
cholesterol compared with control group
(P> 0.05, Table 1).

Simvastatin Upregulated the
Expression of Foxp3, IL-10 and TGF-B
in Atherosclerofic Plaques

To identify the distribution of Tregs in
atherosclerotic plaques, we targeted the
Foxp3 transcription factor and measured
its levels in atherosclerotic lesions. After
6 wks of simvastatin treatment, immuno-
histochemical studies showed an in-
crease in the number of Tregs within
atherosclerotic plaque (Figure 1A). Fur-
thermore, the mRNA and protein expres-
sion of Foxp3 was markedly increased in
the simvastatin group versus the control
group (P < 0.05, Figures 1B-D). These re-
sults confirmed that simvastatin might
induce an accumulation of Tregs in ath-
erosclerotic plaques.

Tregs have an ability to produce high
levels TGF-$ and IL-10. TGF-p and
IL-10, Treg-associated cytokines, may
have a role in reducing the inflamma-
tory reaction in antiatherosclerosis (15).
In line with the change in Foxp3 expres-
sion, mRNA and protein expression of
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Figure 1. Simvastatin promoted the numbers of Tregs and the expression of Treg markers
in atherosclerotic plaques. (A) Tregs were visualized (blue color for 4',6-diamidino-2-
phenylindole (DAPI) staining nuclei and green color depicted Foxp3* Tregs). (B) mRNA
expression of Foxp3d in atherosclerotic plaques of two groups of mice. (C) Protein expres-
sion of Foxp3 in atherosclerotic plaques of two groups of mice by Western blot. (D)
Quantitative analysis of the results in (C). (E) mRNA expression of TGF-p in atherosclerotic
plaques of two groups of mice. (F) Protein expression of TGF-B in atherosclerotic plaques
of two groups of mice by Western blot. (G) Quantitative analysis of the results in (F). (H)
mMRNA expression of IL-10 in atherosclerotic plaques of two groups of mice. (I) Protein ex-
pression of IL-10 in atherosclerotic plaques of two groups of mice by Western blot. (J)
Quantitative analysis of the results in (). *P < 0.05 versus control group. C, control group;

S, simvastatin group.

TGF-p and IL-10 was significantly in-
creased in the simvastatin group com-
pared with the control group (P < 0.05,
Figures 1E-]).

Simvastatin Changed the Cytokine
Production in Atherosclerotic Plaques

In ApoE'/ ~ mice, we investigated
mRNA expression of cytokines (IL-4,
IL-1B, IL-17 and IEN-y) in the carotid
plaque using RT-PCR in two groups of
mice. Simvastatin treatment led to a sig-
nificant increase of IL-4 and a decrease of
IL-1B, IL-17 and IFN-y in mRNA expres-
sions (P < 0.05, Figure 2).

The protein expression level of cy-
tokine in the carotid plaques was also as-
sessed by immunohistochemistry. As
compared with the control group, sim-
vastatin significantly upregulated the rel-
ative contents of IL-4 and downregulated
IL-1B, IL-17 and IFN-y in the carotid
plaque (P < 0.05, Figure 3).

Simvastatin Influenced Circulatory
Levels of IL-10, IFN-y and IL-17

The serum levels of IL-10 were greatly
increased in the simvastatin group com-
pared with the control group, but the cir-
culatory levels of IFN-y and IL-17 were
significantly reduced after simvastatin
treatment (P < 0.05, Figure 4).

Simvastatin Improved the Proportion
and Regulatory Function of Tregs in
PBMCs from ACS Patients

PBMCs were cultured with simvastatin
at different concentrations, and the pro-
portion of Tregs in PBMCs was analyzed
by CD4"/CD25" /Foxp3" staining. The
proportion of CD4"CD25Foxp3" Tregs to
total CD4" cells was 2.18 + 0.57%, 3.15 +
0.99% and 5.00 + 1.27% in the control
group and with 1 and 10 umol/L simvas-
tatin, respectively (Figures 5A-D). Com-
pared with the control group, 10 umol/L
simvastatin increased the proportion of
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CD4'CD25'Foxp3" Tregs to total CD4"
cells (P < 0.05). Although 1 umol/L sim-
vastatin produced a slight increase in the
frequency of Tregs relative to the control
group, the effect was not significant (P >
0.05). Therefore, simvastatin promoted
an increase of Tregs in the peripheral cir-
culation of ACS patients.

We also analyzed the regulatory
function of Tregs. Purified Tregs and
CD4"CD25 effector cells were isolated
from PBMCs of ACS patients. We exam-
ined a possible concentration-dependent
effect of simvastatin on the inhibitory
function of Tregs for effector T cells. The
suppression rate with 10 umol/L simvas-
tatin was higher than that for the control
group at different ratios of Tregs and
CD4"CD25  cells (1:1, 1:2, 1:4, 1:8) (P <
0.05). Moreover, 10 umol/L simvastatin
increased the extent of suppression rela-
tive to 1 umol/L simvastatin (P < 0.05)
(Figure 5E). Simvastain at the low con-
centration did not have any effect. There-
fore, simvastatin treatment enhanced the
suppressive function of Tregs of ACS
patients.

DISCUSSION

Recently, Tregs were found to play an
important role in the progression of ath-
erosclerosis. In this study, we found that
simvastatin has a direct effect on Tregs in
atherosclerotic plaques in mice and in
peripheral circulation of patients with
ACS. Six-week simvastatin treatment sig-
nificantly increased the number of Tregs
and the expression of the Treg marker
Foxp3, TGF-B and IL-10 in atherosclerotic
plaques in ApoE~~ mice. Furthermore,
simvastatin significantly enhanced the
frequency and functional suppressive
properties of Tregs in ACS patients.

Immune activation is involved in the
pathogenesis of atherosclerosis, and the
role of the immune system in atheroscle-
rotic process has received considerable
attention. The imbalance of regulatory
and pathogenic immunity may promote
the development of atherosclerosis (1).
Statins have been widely used in pre-
venting and treating atherosclerosis.
They have pleiotropic effects beyond that
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of simply lowering plasma lipid levels.
Statin therapy contributes to reducing
the secretion of inflammatory cytokines,
inhibiting atherogenic procession and
stabilizing vulnerable plaque (16,26). In
recent years, the potent modulatory
mechanisms of statins on the immune
system have been investigated (18).
Statins have a number of immunomodu-
latory effects and modulate immune sys-
tem-mediated activities, including in-
hibiting the production of inflammatory
cytokines associated with immunity,

T lymphocyte activation, mononuclear
cell proliferation and antigen-presenting
capacity (24,27). Extensive evidence also
indicated that statins reduce the produc-
tion of inflammatory cytokines and stabi-
lize vulnerable plaques in atherosclero-
sis, in part because of their
immunomodulatory mechanism (18,19).

Tregs are a unique subset of T cells.
Although the number of Tregs is small
among the total CD4" T cells, Tregs have
an indispensable role in the immune sys-
tem, including restraining immune re-
sponses and maintaining immune toler-
ance and self-tolerance (15). It has been
suggested that Tregs may have an impor-
tant protective role in the development
and progression of atherosclerosis (11).
Adoptive transfer of Tregs could lead to
a significant attenuation of atherogene-
sis, whereas atherosclerotic lesions were
significantly increased with injection of
Treg-depleting antibody in ApoE~'~ mice
models (11,12).

Tregs are present in atherosclerotic le-
sions and implicated in the suppression
of the chronic inflammatory process in
the development of atherosclerotic le-
sions (14). However, no study has inves-
tigated the effect of statins on Tregs in
atherosclerotic plaques. As well known,
atherosclerotic lesions can develop in
ApoE~~ mice throughout the arterial tree
and such mice are thought to be a well-
established genetic animal model of ath-
erosclerosis, with many morphologic
characteristics resembling that in hu-
mans (28). Therefore, in this study, we in-
duced atherosclerotic plaque in ApoE ™/~
mice by placing a silastic perivascular
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Figure 2. Effects of simvastatin on mRNA expression of cytokines in atherosclerotic
plaques. (A) mMRNA expression of IL-4 in two groups of mice. (B) mRNA expression of IL-16
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Figure 3. Effects of simvastatin on protein expression of cytokines in atherosclerotic
plaques. (A) Representative immunostaining of IL-4, IL-16, IL-17 and IFN-y in two groups of
mice. (B) Quantitative analysis of IL-4 protein expression. (C) Quantitative analysis of IL-1p
protein expression. (D) Quantitative analysis of IL-17 protein expression. (E) Quantitative
analysis of IFN-y protein expression. *P < 0.05 versus control group. C, confrol group; S, sim-

vastatin group. Scale bar: 100 um.

collar around the right common carotid
artery and introducing a lipid-rich diet
(20,21). Then we administered simvas-
tatin to mice for 6 wks and investigated
the effect of statins on Tregs in athero-
sclerotic plaques. Foxp3 dominates the
development and function of Tregs and
is considered a reliable marker of Tregs
(14). Deletion or mutation of Foxp3 halts
the development of Tregs (15). In the
present study, immunohistochemistry
showed a larger number of accumulation
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Tregs in atherosclerotic plaques of sim-
vastatin-treated mice compared with
controls. Furthermore, Foxp3 mRNA and
protein levels in advanced atherosclerotic
lesions were significantly increased with
simvastatin therapy. Therefore, the result
shows that simvastatin promote an accu-
mulation of Tregs within the atheroscle-
rotic plaques. Interestingly, we did not
find a significant difference in serum lev-
els of total cholesterol, triglycerides and
LDL cholesterol with and without sim-
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Figure 4. Effects of simvastatin on serum
levels of cytokines in the mice. (A) Levels
of IL-10 by ELISA. (B) Levels of IL-17 by
ELISA. (C) Levels of IFN-y by ELISA. *P < 0.05
versus confrol group. C, control group; S,
simvastatin group.

vastatin in ApoE’/ ~mice, which was con-
sistent with the previous studies (27,28),
indicating that simvastatin influenced
the number of Tregs in plaques, indepen-
dent of its lipid-lowering properties.

Tregs secrete two major cytokines
(TGF-B and IL-10), which are associated
with their survival and function (30).
TGF-f plays an important role in regulat-
ing the signaling pathway that promotes
Foxp3 expression and Treg differentia-
tion (10). Previous study demonstrated
that TGF-p has pleiotropic effects on
some immune cells (31). It has been
shown that Tregs prevent atherosclerosis
via TGF- signaling and Tregs do not re-
lieve the progression of atherosclerosis
and inflammatory response if Tregs fail
to respond to TGF-f signaling (15,32). In-
creased concentration of TGF-ff and IL-10
was associated with suppressing patho-
genic inflammatory responses, regulating
immunity and promoting atherosclerotic
plaque stabilization (33). On the contrary,
deletion of TGF-f or IL-10 signaling ac-
celerates atherosclerosis and plaque vul-
nerability (34,35). In the present study,
mRNA and protein levels of TGF-§ and
IL-10 were significantly increased in ath-
erosclerotic plaques in ApoE™/~ mice after
6 wks of simvastatin treatment. There-
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10 umol/L simvastatin group. (D) FACS analysis results: percentage CD4*CD25*Foxp3* Tregs
to total CD4* cells in three groups of PBMCs. (E) Purified Tregs and CD4*CD25™ cells from
PBMCs were incubated at different ratios (Tregs:CD4*CD25™ cells = 1:1, 1:2, 1:4, 1:8) without
(control) or with simvastatin. 3H)-thymidine was added and proliferation was evaluated.
*P < 0.05 versus control group. *P < 0.05 versus 1 umol/L simvastatin group.

fore, our results showed that the accu-
mulation of Tregs by statins treatment in
atherosclerotic plaques correlated with
the increase of TGF-p and IL-10.
Cumulative data have shown that
T cell-mediated pathogenic immune re-
sponses contribute to atherosclerotic for-
mation and progression (4). Solid evi-
dence suggests that a considerable
number of activated T cells accumulate
in vulnerable plaques, and their activa-
tion accelerates atherosclerotic plaque
destabilization, which may initiate
plaque rupture and the onset of acute
cardiovascular events (1,36). T cells were
classified as Th1, Th2 and Th17 cells and
Tregs by assessing their intracellular cy-
tokine profile. The activation of the im-
mune system led to an inflammatory
cascade and initiated the differentiation
of T cells to a Th1 and Th17 phenotype
(6). Th1 and Th17 cells mediated proin-
flammatory responses in atherosclerotic
plaques and exerted a robust synergistic
effect on the initiation of atherosclerosis

and plaque instability (37,38). Tregs pro-
tect T-cell homeostasis, inhibit T-cell mi-
gration from peripheral lymph tissues
into plaques and release of antiinflam-
matory cytokines (TGF-p and IL-10) and
prevent the activation and proliferation
of effector T cells in atheroma (32). Im-
portantly, Tregs can modulate Th1 and
Th17 response in the atherosclerotic
plaques (38). Targeting Th1 and Th17 re-
sponse and recovering the balance be-
tween Tregs and effector T cells may be
a beneficial strategy in atherosclerosis
(38). Whereas Th2 cells were characteris-
tic with IL-4 production and downregu-
lated the inflammatory response (33),
Tregs represented an important role in
modulation of immune homeostasis,
partly by adjusting the Th1/Th2 balance
(39). In this study, we determined
whether T-cell activation and differentia-
tion was changed in carotid plaques
after statin treatment. We found that
simvastatin treatment increased the
mRNA and protein expression of IL-4
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and decreased the levels of IL-1p, IL-17
and IFN-y in carotid plaques. Therefore,
the results showed that simvastatin pro-
moted an accumulation of Tregs, subse-
quently decreased Th1 and Th17 re-
sponse and modulated the Th1/Th2
balance toward a Th2 phenotype in the
atherosclerotic plaques, and this result
may be an additional mechanism of
simvastatin in stabilizing vulnerable
plaques.

ELISA revealed increased serum level
of IL-10 and decreased serum level of
IFN-y and IL-17 in simvastatin-treated
mice compared with the control group.
Therefore, simvastatin inhibited the se-
cretion of Th1l and Th17 cytokines and
promoted the secretion of antiinflamma-
tory cytokines, indicating a shift toward
a more antiinflammatory immune
response.

We also determined the effect of statins
on Tregs in the peripheral circulation of
ACS patients. The number of Tregs and
Foxp3 expression was conspicuously de-
creased, and the functional suppressive
properties of Tregs were compromised in
ACS patients (9,13). In this study, we dis-
covered that simvastatin treatment of
PBMCs from patients with ACS in-
creased the number of Tregs. Further-
more, simvastatin greatly enhanced the
inhibitory effect of Tregs on the prolifera-
tion of effector T cells. Therefore, simvas-
tatin treatment expanded the peripheral
Treg pool and repaired their compro-
mised functional inhibitory properties in
ACS patients.

CONCLUSION

In conclusion, our study confirmed
that simvastatin treatment resulted in in-
creased expression of Foxp3 and accu-
mulation of Tregs in atherosclerotic le-
sions of ApoE’/ ~ mice. Furthermore,
simvastatin increased the number of
Tregs and repaired their compromised
functional inhibitory properties in pa-
tients with ACS. Therefore, statins may
benefit atherosclerosis plaque in part
through Treg activation. Therefore, fur-
ther studies are needed to elucidate the
underlying mechanisms.
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