Clinical & Experimental Inmunology

The Journal of Translational Immunology

immunology

(@I Rl (e WSO N E W PGl 6 ORIGINAL ARTICLE

doi:10.1111/cei.12897

Decreased frequencies and impaired functions of the CD31"
subpopulation in T, cells associated with decreased FoxP3
expression and enhanced T,.4 cell defects in patients with coronary

heart disease

L. Huang,' Y. Zheng,' X. Yuan,

Y. Ma, G. Xie, W. Wang, H. Chen
and L. Shen

Department of Clinical Laboratory, Xin Hua
Hospital Affiliated to Shanghai Jiao Tong
University School of Medicine, Shanghai, China

Accepted for publication 2 November 2016
Correspondence: L. Shen, Department of
Clinical Laboratory, Xin Hua Hospital
Affiliated to Shanghai Jiao Tong University
School of Medicine, 1665 Kong Jiang Road,
Shanghai, China.

E-mail: lisongshen@hotmail.com

"These authors contributed equally to this

work.

Introduction

Summary

Coronary heart disease (CHD) is one of the most common types of organ
lesions caused by atherosclerosis, in which CD4"CD25 " forkhead box
protein 3 (FoxP3™") regulatory T cells (T,;) play an atheroprotective role.
However, T, cell numbers are decreased and their functions are impaired
in atherosclerosis; the underlying mechanisms remain unclear. CD31 plays
an important part in T cell response and contributes to maintaining T cell
tolerance. The immunomodulatory effects of CD31 are also implicated in
atherosclerosis. In this study, we found that decreased frequencies of the
CD31" subpopulation in Treg cells (CD317Tr cells) correlated positively
with decreased FoxP3 expression in CHD patients. Cell culture in vitro
demonstrated CD31 Tr cells maintaining stable FoxP3 expression after
activation and exhibited enhanced proliferation and immunosuppression
compared with the CD31  subpopulation in T, cells (CD31 Tr cells). We
also confirmed impaired secretion of transforming growth factor (TGF)-B1
and interleukin (IL)-10 in CD31 " Tr cells of CHD patients. Further analysis
revealed reduced phospho-SHP2 (associated with CD31 activation) and
phospho-signal transducer and activator of transcription-5 (STAT-5)
(associated with FoxP3 transcription) levels in CD31"Tr cells of CHD
patients, suggesting that decreased FoxP3 expression in CD31"Tr cells
might be because of attenuated SHP2 and STAT-5 activation. These data
indicate that decreased frequencies and impaired functions of the CD31 " Tr
subpopulation associated with decreased FoxP3 expression give rise, at least
in part, to Ty, cell defects in CHD patients. Our findings emphasize the
important role of the CD31" Tr subpopulation in maintaining Tyeg cell
normal function and may provide a novel explanation for impaired
immunoregulation of T, cells in CHD.
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Human CD4"CD25" Teg cells can suppress activation
of a variety of immune cells mediated through cell-to-cell

Coronary atherosclerotic heart disease (CHD) is one of the
most common types of organ lesions caused by atheroscle-
rosis. Atherosclerosis is a chronic inflammatory disease, in
which abundant immune cells are involved [1]. T cells
present during all stages of the disease are essential to the
development of atherosclerotic plaque [2]. Among them, T
helper type 1 (Thl)/Thl7-mediated proinflammatory
responses aggravate atherosclerosis while regulatory T cells
(Tieg) play a key atheroprotective role by limiting inflam-
mation and counterbalancing plaque formation.

contacts and/or secretion of inhibitory cytokines such as
transforming growth factor (TGF)-B1 and interleukin
(IL)-10 to prevent self-reactive immune responses and
maintain dominant self-tolerance [3-6]. Forkhead box
transcription factor protein 3 (FoxP3) is a molecular
marker of and the cell lineage specification factor for
CD4"CD25™ Tieg cells [7,8]. Studies show that FoxP3 gene
mutation or expression deficiency causes abnormal devel-
opment and immune dysfunction of T, cells, leading to
serious autoimmune diseases [9,10]. Clinical studies in
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patients with coronary atherosclerosis report Ty, cell func-
tional impairments associated with an obvious decrease in
their numbers, FoxP3 levels and T.g-related cytokines
(TGF-B1 and IL-10) [11-13]. Animal experiments also
confirm that increasing T, cell numbers and improving
their functions would greatly reduce atherosclerotic plaque
[14,15]. However, the causes and mechanisms underlying
Tieg cell defects in atherosclerosis remain unclear.

CD31, also known as platelet endothelial cell adhesion
molecule-1 (PECAM-1), a transmembrane homophilic and
inhibitory receptor containing two immunoreceptor tyrosine
inhibitory motifs (ITIMs) located in its cytoplasmic tails, is
expressed by endothelial cells, platelets and immune cells and
is regarded generally as an endothelial marker. Interestingly,
recent studies reveal an important role of this molecule in the
regulation of T cell responses. During the interactions of
immune cells, CD31 signal transduction is induced by homo-
philic engagements and is mediated through recruitment and
activation of tyrosine-phosphatases, such as SH2-containing
inositol 5 phosphatase (SHIP), Src homology region 2
domain-containing phosphatase-1 (SHP1) and SHP2 by its
ITIMs, and CD31 deficiency is associated with excessive
immunoreactivity, which means uncontrolled immune
response, and susceptibility to cytotoxic killing, which means
decreased cell viability [16]. Under immunological stress, lack
of CD31 accelerates and aggravates T cell-mediated inflamma-
tion in mice [17,18]. The immunoregulatory role of CD31 has
also been implicated in atherosclerosis. CD31 gene knock-out
results in an enhanced atherosclerotic lesion formation in LDL
receptor-deficient mice [19]. Decreased CD317" T cells are cor-
related positively with the occurrence of atherothrombosis in
mice [20] and of abdominal aortic aneurysm in patients [21].

Furthermore, over-expression of a CD31 receptor globulin
leads to the induction of T cell hyporesponsiveness and
impairment of T cell activation, which indicates that CD31
signalling may contribute to the establishment and mainte-
nance of T cell tolerance [22]. It is well known that T, cells
play a key role in maintaining self-tolerance, preventing the
development of autoimmunity. Although a direct link
between CD31 expression and Ty, cell function has not yet
been reported, CD31 signal activation has been shown to
increase T, cell proportion in vivo [23], and the tyrosine-
phosphatase SHP2 recruited by CD31 ITIMs can promote
T,eg cell generation mediated by the Grb-2 associated binder—
extracellular-regulated  kinase—mitogen-activated ~ protein
kinase (Gab—Erk-MAPK) pathway [24]. Studies have also sug-
gested a relationship between CD31 expression and Ty, cell
function in atherosclerosis. Administration of a CD31-derived
peptide prevents atherosclerotic progression in apolipoprotein
E knock-out mice by driving enrichment of the T,., cell com-
partment at the expense of the effector T (Tg) cell compart-
ment [23]. Restoring the CD31 signal contributes to
modulating T cell activation and improves experimental ather-
osclerosis via enrichment of circulating T, cells [25]. In addi-
tion, mnaive T., cells contribute to maintaining FoxP3

expression of Ty cells after expansion in vitro [26]. It is worth
noting that CD31 expression level in naive T4 cells is clearly
higher than in memory T, cells [27]. Thus, it presents the
possibility that there is some correlation between CD31 and
FoxP3, and CD31 may affect T, functions on the basis of this
association in the development of atherosclerosis. In this
study, we investigate the role of the CD31" subpopulation in
Tieg cells as well as the correlation with FoxP3 expression in
patients with CHD or in healthy individuals.

Materials and methods

Patients and controls

Seventy-one patients with CHD who were diagnosed by
coronary angiography and displayed one or more coronary
arteries with at least 50% stenosis were enrolled for inclu-
sion at Xin Hua Hospital affiliated to Shanghai Jiao Tong
University School of Medicine. The CHD patients were
classified into stable angina pectoris (SAP) (n=34) and
acute coronary syndrome (ACS) (n=37) subgroups. SAP
was defined by the following inclusion criteria: typical
effort angina symptoms associated with down-sloping or
horizontal ST-segment depression greater than 1 mm in an
exercise test. ACS was defined based on clinical presenta-
tion (chest pain within the preceding 12 h), presence of
electrocardiogram (ECG) changes (ST-segment changes
and/or T-wave inversions) and testing positive for cardiac
troponins. Thirty-five peripheral blood samples from age-
and sex-matched healthy controls (HC) were obtained
from the medical examination center of Xin Hua Hospital.
The following exclusion criteria were used: previous myo-
cardial infarction within 6 months, previous revasculariza-
tion procedures, inflammatory conditions likely to be
associated with an acute phase response, neoplastic disease,
advanced liver disease, autoimmune disease or current use
of immunosuppressive agents, renal failure or severe heart
failure (NYHA classes III-1V). The cardiovascular risk fac-
tors include the smoking, hypertension and diabetes melli-
tus. The laboratory tests were measured in the clinical
chemistry laboratory of Xin Hua Hospital: total cholesterol,
triglycerides, low-density lipoprotein (LDL), highly sensi-
tive C-response protein (Hs-CRP), troponin I (Tnl) and
N-terminal pro-brain natriuretic peptide (NT-proBNP).
This work was approved by Ethics Committee of Xin Hua
Hospital affiliated to Shanghai Jiao Tong University School
of Medicine (Approval no. XHEC-D-2016-034) and was
performed in accordance with the Declaration of Helsinki.
Written informed consents were obtained from all patients
and healthy donors prior to their participation.

Flow cytometric analysis

Human peripheral blood mononuclear cells (PBMCs) were
freshly isolated by Ficoll density gradient centrifugation
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and resuspended in phosphate-buffered saline (PBS)
supplemented with 2% bovine serum albumin (BSA).
Fluorochrome-labelled mouse anti-human monoclonal anti-
bodies targeted against CD4-eFluor® 450 [anti-human CD4
(OKT4)], CD25-allophycocyanin (APC) (BC96), CD127-
peridinin chlorophyll (PerCP)-cyanin (Cy)5.5 (eBioRDR5),
CD31-phycoerythrin (PE) (WM59) and FoxP3-Alexa Fluor®
488 (236A/E7) were purchased from eBioscience (San Diego,
CA, USA). To investigate the phenotypical characteristics of
different T, cell subsets, PBMCs from healthy individuals
or CHD patients were first surface-stained with antibodies
against CD4, CD25, CD31 and CD127, then intracellular-
stained with antibodies against FoxP3 using the fixation/per-
meabilization kit (eBioscience) according to the manufac-
turer’s instructions. Because CD127 expression correlated
inversely with FoxP3 expression [28,29], we used both
the T, cell markers of CD4*C25"CD127~ and
CD4"CD25"FoxP3" as the phenotypes for total Ty cells in
this study. A multiple-colour flow cytometric analysis was
performed with the fluorescence activated cell sorter
(FACS)Canto II (BD Bioscience, San Jose, CA, USA).

For intracellular detection of cytokines, PBMCs from
healthy individuals or CHD patients were incubated for 5 h
and stimulated concurrently with or without cell stimula-
tion cocktail (containing phorbol 12-myristate 13-acetate
and ionomycin; eBioscience) at a dilution of 1 : 500, as well
as protein transport inhibitor cocktail (containing brefeldin
A and monensin; eBioscience) at a dilution of 1 : 500. The
resulting cells were first surface-stained with antibodies
against CD4-eFluor® 450 (OKT4), CD25-PE-Cy7 (BC96)
and CD31-APC-eFluor® 780 (WM59) (eBioscience), then
intracellular-stained with antibodies against FoxP3-Alexa
Fluor® 488 (236A/E7) (eBioscience), TGF-B1-PerCP-Cy™
5.5 (TW4-2F8) and IL-10-PE (JES3-19F1) together with
their isotype controls (BD Bioscience) using the fixation/
permeabilization kit according to the manufacturer’s
instructions. Secretion levels of TGF-B1 and IL-10 in differ-
ent cell subsets were detected using a flow cytometer.

To analyse the phosphorylation levels of SHP2, signal
tranduser and activator of transcription (STAT)—5 and
STAT-3, PBMCs from healthy individuals or CHD patients
were left unstimulated or were stimulated for 15 min with
5 pg/ml anti-CD3 and 5 pg/ml anti-CD28 antibodies
(eBioscience) for SHP2, 100 ng/ml IL-2 (R&D Systems,
Minnneapolis, MN, USA) for STAT-5 and 100 ng/ml IL-6
(Peprotech, Rocky Hill, NJ, USA) for STAT-3, respectively.
Cells were then fixed with 1% paraformaldehyde, permeab-
ilized with 1 ml of ice-cold methanol for 30 min on ice and
stained with antibodies against CD4-eFluor® 450 (OKT4),
CD25-PE-Cy7 (BC96), CD31-APC-eFluor® 780 (WM59)
and FoxP3-Alexa Fluor® 488 (236A/E7) (eBioscience) as
well as phosphospecific antibodies against SHP2 (pY542)-
PE (199-921), STAT-5 (pY694)-Alexa Fluor® 647 (47/
STAT-5) or STAT-3 (pY705)-PerCP-Cy5.5 (4/P-STAT-3)
and  their isotype controls (BD  Bioscience).

Disorders of CD31*Tr cells in CHD

Phosphorylation levels of SHP2, STAT-5 and STAT-3 in dif-
ferent cell subsets were analysed by flow cytometry (FCM).

Cell sorting and functional assays

Human PBMCs were freshly isolated by Ficoll density gradient
centrifugation from healthy donors. Total-Tr (CD4*CD25"
FoxP3"), CD31"Tr (CD4"CD25"FoxP3"CD317) and
CD31™ Tr (CD4"CD25" FoxP3"CD317) cells were obtained
from PBMCs using the human CD4 " CD25" regulatory T cell
isolation kit (Miltenyi Biotec, San Diego, CA, USA) with
FACS. Cell purities and phenotypes were determined by rean-
alysis and stained with antibodies against CD4, CD25, FoxP3
and CD31.

FACS-sorted total-Tr, CD31 " Tr and CD31 ™ Tr cells (1 X
10° cells/well) were cultured, respectively, in 200 pl of com-
plete medium containing 10% FBS in 96-well U-bottomed
plates by stimulation with precoated 5 pig/ml anti-CD3 and
soluble 5 pg/ml anti-CD28 antibodies for up to 7 days. To
assess cell proliferation, the CellTrace™ carboxyfluorescein
diacetate, succinimidyl ester (CFSE) cell proliferation kit
(Molecular Probes, Eugene, OR, USA) was used according
to the manufacturer’s instructions and cell morphology
was observed by inverted microscope.

For functional suppression assay, total-Tr, CD31" Tr and
CD31 Tr cells, respectively, were co-cultured with FACS-
sorted CD47CD25™ T cells as Tog cells at a ratio of 1 : 1
(total 1 X 10° cells/well) under the same culture conditions
described above, and T cells in each co-cultured group
were pretreated with CFSE staining. After 5 days, T cell
proliferation was analysed using a flow cytometer.

Statistical analysis

Data are expressed as mean = standard deviation (s.d.).
Comparisons between groups were analysed by two-tailed
Student’s f-test or analysis of variance (ANOVA) test when
appropriate. For normally distributed data, differences
between groups were evaluated using Tukey’s test, and
associations were assessed using Pearson’s correlation coef-
ficient. For non-normally distributed data, differences
between groups were evaluated using the non-parametric
Mann-Whitney U-test, and associations were assessed
using a Spearman’s rank correlation coefficient. A value of
P < 0-05 was considered statistically significant. All statisti-
cal analyses were performed using GraphPad Prism (ver-
sion 5-0).

Results

Clinical characteristics of CHD patients and healthy
individuals

A cohort of 71 patients with CHD was included in this
study and divided into SAP and ACS subgroups, according
to the clinical diagnosis. The baseline characteristics of
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Table 1. Clinical characteristics of the study groups

HC (n = 35) SAP (n = 34) ACS (n = 37) CHD (=SAP+ACS) (n = 71)
Gender (male/female) 21/14 21/13 24/13 45/26
Age (mean * s.d. years) 58 =7 61 * 75 63+ 9 61 =8
Smoking 11 (31%) 11 (32%) 12 (32%) 23 (32%)
Hypertension 7 (20%) 11 (32%) 17 (46%) 28 (39%)
Diabetes mellitus 4 (11%) 4 (12%) 10 (27%) 14 (20%)
Total cholesterol (mmol/l) 4-44 *+ 1.22 3.99 + 0-87 447 * 1.23 422 + 1-11
Triglycerides (mmol/l) 2:20 £ 095 1-93 £ 0-96 2:15 £ 1.05 2:09 £ 0-98
LDL (mmol/l) 2:32 = 0-73 2:20 = 0-58 2-53 = 091 241 = 0-79
Hs-CRP (ng/ml) 1-.27 = 0-44 1-:31 = 0-50 1-86 £ 0-76* 1-69 = 0-78
Tnl (ng/ml) 0-003 = 0-0018 0-009 = 0-0033 0-112 = 0-0527* 0-066 = 0-0312
NT-proBNP (pg/ml) 74-8 = 49-5 83-5 = 539 1509 = 82-1* 118-3 = 73-2

*P < 0-05, one-way analysis of variance (aNova) test for comparison among HC, SAP and ACS groups. Two-tailed Student’s t-test for compari-

son between HC and CHD groups. HC = healthy controls; SAP = stable angina pectoris; ACS = acute coronary syndrome; CHD = coronary heart

disease = SAP + ACS; LDL = low-density lipoprotein; CRP = C-reactive protein; s.d. = standard deviation; NT-proBNP = N-terminal pro-brain

natriuretic peptide.

enrolled patients were well-matched among groups and are
summarized in Table 1. Among the groups, no significant
differences were observed with regard to the demographic
and risk factor information, such as gender, age, smoking,
hypertension and diabetes mellitus, as well as the biochem-
ical parameters, including total cholesterol, triglycerides
and LDL. However, the other biochemical parameters
which contribute to reflect disease activity and severity,
such as Hs-CRP, Tnl and NT-proBNP, were significantly
higher in the ACS group than in the SAP and HC groups.
In addition, the differences of baseline characteristics
between the overall disease group (CHD = SAP + ACS)
and the HC group are compared in Table 1 in order to help
further statistical analysis for the following experimental
data. No significant differences were observed with regard
to the demographic and risk factor information as well as
all the biochemical parameters between the two groups.

Decreased frequencies of CD31 " Tr cells associated
with decreased FoxP3 expression in CHD patients

To investigate the variation of different T, cell subsets in
CHD patients, we first measured the proportion of total-Tr
(CD4"CD257CD1277), CD31"Tr (CD4"CD25"CD127~
CD317) and CD31 Tr (CD4"CD25°CD127 CD31")
cells, respectively, from the HC, SAP and ACS groups
[28,30]. As shown in Fig. la, the frequencies of total-Tr
cells were decreased significantly in ACS patients
(3-7 = 1-0%) compared with in SAP patients (4-8 * 1-4%,
P <0-05) and the HC group (5-6 = 1.5%, P < 0-05), both
SAP and HC groups had comparable amounts of total-Tr
cells (P> 0-05). This result was consistent with our previ-
ous findings [31,32]. As shown in Fig. 1b,c, the frequencies
of CD317Tr cells were markedly higher in the HC group
(33-4 * 6-8%) than in SAP (24-3 = 6-4%, P < 0-05) and
ACS patients (20-1 £ 5-7%, P < 0-05); in contrast, the fre-
quencies of CD31 Tr cells were clearly lower in the HC

group (63-.4 £ 7-5%) than in SAP (74-6 = 6-9%, P < 0-05)
and ACS patients (77-6 * 6:3%, P < 0-05), while both the
SAP and ACS groups had comparable amounts of
CD31"Tr or CD31 ™ Tr cells (P> 0-05).

In parallel, we analysed FoxP3 expression levels in total-
Tr, CD31 " Tr and CD31 ™ Tr cells, respectively, from the HC,
SAP and ACS groups. As shown in Fig. 1d, horizontal com-
parison found that FoxP3 expression levels of total-Tr cells
were higher in the HC group (91-0 = 2-6%) than in SAP
(82:3 £ 6:5%, P<0-05) and ACS patients (76-1 * 6-9%,
P<0-05). FoxP3 expression levels of CD31" Tr cells were
also higher in the HC group (92-8 = 4-1%) than in SAP
(83-3 £ 4-8%, P<0-05) and ACS patients (77-8 * 9-5%,
P < 0-05), while no significant differences in FoxP3 expres-
sion levels of CD31 Tr cells among the HC, SAP and ACS
groups were observed (P>0-05). Vertical comparison
found that FoxP3 expression levels of CD31"Tr cells
(92-8 = 4:1%) were comparable to those of total-Tr cells
(91-0 = 2-6%, P> 0-05) but were clearly higher than those
of CD31 ™ Tr cells (82-9 % 6:8%, P < 0-05) in the HC group;
however, no significant differences in FoxP3 expression lev-
els of total-Tr, CD31 " Tr and CD31 Tr cells were observed
in the SAP or ACS groups (P> 0-05).

We further analysed the correlation between CD31 and
FoxP3 expression levels in total-Tr cells from the HC, SAP
and ACS groups. It was demonstrated that CD31 was cor-
related positively with FoxP3 whether in the HC (= 0-63,
P=0-0053), SAP (r=0-71, P=0-0023) or ACS groups

(r=0-52, P=0-0246) (Fig. le).

As there were no significant differences between the SAP
and ACS groups with respect to the frequencies of
CD31"Tr or CD31 ™ Tr cells and FoxP3 expression levels of
three different T,y cell subsets, we merged SAP and ACS
into the CHD group in order to elucidate concisely the dif-

ferences between the healthy population and the whole

CHD population, as shown in the CHD histograms of
Fig. 1b—e. We then used the CHD group as disease controls
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Fig. 1. Decreased frequencies of CD31 " Tr cells associated with decreased forkhead box protein 3 (FoxP3) expression in coronary heart disease (CHD)
patients. (a—c) The percentages of CD4"CD25"CD127~ regulatory T cells (Tieg) (total-Tr) (a), CD31" subpopulation in total-Tr cells (CD317Tr) (b)
and CD31" subpopulation in total-Tr cells (CD31 Tr) (c) derived from peripheral blood mononuclear cells (PBMCs) of stable angina pectoris (SAP)
patients, acute coronary syndrome (ACS) patients and healthy controls (HC) were determined by flow cytometry (FCM). Comparisons between HC
and CHD groups are shown in the right-hand histograms (CHD = SAP + ACS). Representative FCM Zebra plots are shown. Data are mean *
standard deviation (s.d.), n=20. *P< 0-05 versus HC, *P < 0-05 versus SAP, one-way analysis of variance (aNova) test for comparison among the HC,
SAP and ACS groups, two-tailed Student’s t-test for comparison between the HC and CHD groups. (d) FoxP3 expression levels in total-Tr, CD317Tr
and CD31 Tr cells, respectively, from the HC, SAP and ACS groups. Comparison between the HC and CHD groups is shown in the histogram
(below right). Representative FCM Zebra plots are shown. Data are mean = standard deviation (s.d.), n = 20. *P < 0-05, two-way ANOVA test. (e)

Correlation of CD31 and FoxP3 levels in total-Tr cells from HC, SAP, ACS and CHD groups. The r-value represents the calculated correlation

coefficient; P < 0-05 is considered statistically significant.

<

for the subsequent experiments. Overall, these results con-
firmed the decreased frequencies of CD31 ™ Tr cells associ-
ated with decreased FoxP3 expression present in CHD
patients.

Stable FoxP3 expression in CD31 " Tr cells and
decreased FoxP3 expression in CD31 ™ Tr cells after
activation in vitro

We next investigated the phenotypes of total-Tr, CD31" Tr
and CD31 Tr cells before and after activation in vitro.
Total-Tr cells (CD4"CD25"FoxP3™) were first isolated
from PBMCs of healthy donors and their purities
(CD4"CD25" from 2-53 = 0-39% to 922 * 4-3%) and
phenotypes (FoxP3™ averaged more than 92%) were
identified, as shown in Fig. 2a. Then, CD31"Tr
(CD4"CD25"FoxP3"CD31") and CD31 Tr (CD4"
CD25"FoxP3"CD317) cells were isolated further from
total-Tr cells and their purities were also identified, as
shown in Fig. 2b (CD317Tr from 320 * 42% to
92-7 *= 4-6%) and in Fig. 2c (CD31™ Tr from 67-5 * 5-3%
to 94-6 £ 3-8%).

Total-Tr cells were cultured and activated with anti-CD3
and anti-CD28 antibodies for 7 days and showed an
increasing trend of cell proliferation (Fig. 2d). FoxP3
expression levels were maintained stably for 5 days, but
decreased on day 7 (Fig. 2e). The optimal activation time
of 5 days was used, and also for the following experiments
in vitro, in order to ensure stable phenotypes of T, cells.

We found no significant differences in CD31 expression
levels of total-Tr, CD31" Tr or CD31 ™ Tr cells before (day 0)
and after (day 5) cell activation (Fig. 2f), which indicated
that CD31 phenotypes in the three groups of cells had not
changed during cell activation. However, FoxP3 expression
levels of CD31 ™ Tr cells on day 5 were lower than on day 0
and had decreased significantly compared with those of
total-Tr and CD31 " Tr cells on day 5 (Fig. 2g).

Collectively, these data demonstrated stable FoxP3
expression in CD31 " Tr cells with decreased FoxP3 expres-
sion in CD31 Tr cells after activation in vitro, which indi-
cated the CD31" subpopulation in  activated
CD4"CD25"FoxP3™ T, cells contributing to maintaining
the phenotypical characteristics of T cells.

Cell proliferation and immunosuppression enhanced
in CD31 " Tr cells but attenuated in CD31 ™ Tr cells
in vitro

We also investigated the functional characteristics of total-
Tr, CD31"Tr and CD31 Tr cells in vitro. As shown in
Fig. 3a, total-Tr, CD31"Tr and CD31 Tr cells were cul-
tured and activated with anti-CD3 and anti-CD28 antibod-
ies for 5 days. We found that cell proliferative activities
increased in CD31 " Tr cells and decreased in CD31 ™ Tr cells
by cell morphological observation and CFSE assay. More-
over, mixed lymphocyte reaction confirmed that all three
groups of cells could inhibit T cell proliferation and the
most effective suppression was observed in the group
CD317Tr : T.¢ (Fig. 3b). These results suggest that the
CD31 " Tr subpopulation played a major role on maintain-
ing normal functional activities of T, cells.

Decreased secretion levels of TGF-B1 and IL-10
in CD317Tr cells of patients with CHD

It is known that secretion of inhibitory cytokines is one of
the important immunoregulatory modes of action for Teq
cells [5,6]. Therefore, we analysed the intracellular TGF-31
and IL-10 secretion profiles of CD31 " Tr or CD31 Tr cells
from patients with CHD or healthy controls (HC). As
shown in Fig. 4a (upper right), whether stimulated with
(ST) or without (US) cell stimulation cocktail, decreased
TGEF-B1 secretion levels in CD31 7 Tr cells were observed in
CHD patients compared with the HC group, while no sig-
nificant differences in TGF-B1 secretion levels in CD31 ™ Tr
cells were observed between the CHD and HC groups. We
also analysed the differences in TGF-B1 secretion levels
between CD31"Tr and CD31  Tr cells in the CHD or HC
groups, as shown in Fig. 4a (below right). In the HC group,
higher TGF-B1 secretion levels were observed in CD31 " Tr
cells than in CD31 Tr cells. However, in CHD group, the
differences between the two groups of cells were especially
attenuated by US treatment.

Furthermore, similar results were also obtained with
detection of IL-10 secretion levels in the same conditions.
That is, reduced IL-10 secretion levels of CD31"Tr cells
were observed by ST treatment in CHD patients compared
with the HC group (Fig. 4b, upper right); comparison of
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Fig. 2. Continued.

the secretion levels of IL-10 between CD317Tr and
CD31 Tr cells showed statistical differences in the HC
group, but not in the CHD group (Fig. 4b, below right).

In brief, we confirmed enhanced secretion of TGF-B1
and IL-10 in CD31 " Tr cells compared with CD31™ Tr cells,
and impaired secretion of these cytokines in CD31 " Tr cells
in CHD patients compared with healthy individuals.

Decreased phosphorylation levels of SHP2 and STAT-
5 in CD317Tr cells of patients with CHD

SHP2 is one of the tyrosine-phosphatases recruited and
phosphorylated directly by the activated CD31 ITIMs [16],

© 2016 British Society for Immunology, Clinical and Experimental Immunology, 187: 441-454

and thus its phosphorylation level may help to reflect the
activation status of CD31. Studies have shown that STAT-
5-dependent T, cells enhance FoxP3 expression and
inhibit inflammatory responses [33,34], while hyperactiva-
tion of STAT-3 destabilizes T, cells by suppressing FoxP3
expression and promotes inflammatory responses [35,36],
meaning that activation of STAT-5 or STAT-3 can regulate
FoxP3 expression positively or negatively. Having shown
that the decreased frequencies of CD31 " Tr cells correlated
with decreased FoxP3 expression in patients with CHD and
FoxP3 stable expression in CD317Tr cells from healthy
donors after activation in vitro, we wanted to know
whether FoxP3 expression in CD31 7 Tr cells from patients
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Fig. 2. Stable forkhead box protein 3 (FoxP3) expression in CD31 " Tr cells while decreased FoxP3 expression in CD31 ™ Tr cells after activation in
vitro. (a) Total-Tr cells (CD4*CD25" FoxP3 ") were isolated from peripheral blood mononuclear cells (PBMCs) of healthy donors using the
human CD4"CD25" regulatory T cell isolation kit and their purities (CD4*CD25" %) and phenotypes (FoxP3™ %) were identified before and
after sorting. (b,c) CD31"Tr cells (CD4"CD25"FoxP3™ CD31") (b) and CD31 Tr cells (CD4"CD25"FoxP3"CD317) (c) were isolated further
from total-Tr cells and their purities were identified before and after sorting. (d,e) Total-Tr cells were cultured in vitro by stimulation with
precoated anti-CD3 and soluble anti-CD28 antibodies for 7 days; cell proliferation (d) was assessed by carboxyfluorescein diacetate succinimidyl
ester (CFSE) assay and FoxP3 expression level (e) was determined by flow cytometry (FCM). (f,g) Total-Tr, CD31" Tr and CD31 Tr cells were
cultured in vitro by stimulation with precoated anti-CD3 and soluble anti-CD28 antibodies for 5 days, respectively, in which the expression levels
of CD31 (f) and FoxP3 (g) were determined before (day 0) and after (day 5) activation. Representative FCM Zebra plots are shown. Data are
mean * standard deviation (s.d.), n=>5. *P < 0-05 versus day 0, one-way analysis of variance (aNova) test used in (e). *P < 0-05, two-way ANOVA

test used in (f) and (g).

with CHD or healthy individuals may be affected, related
partly to different activation of SHP2, STAT-5 or STAT-3.
As shown in Fig. 5a, significant changes in phospho-
SHP2 (p-SHP2) levels were observed only in CD31 " Tr cells
but not in CD31 Tr cells, whether stimulated with (ST) or
without (US) anti-CD3 and anti-CD28 antibodies, as well
as clearly higher p-SHP2 levels in CD31"Tr cells than in

CD31 " Tr cells, and decreased p-SHP2 levels of CD31 " Tr
cells were found in CHD patients compared with the HC
group. These data suggest a close correlation between p-
SHP2 and CD31, and impaired CD31 activation was likely
to be present in Tieg cells of CHD patients.

With IL-2 stimulation (ST), phospho-STAT-5 (p-STAT-5)
levels in both CD31 " Tr and CD31 ™ Tr cells were attenuated

448 © 2016 British Society for Immunology, Clinical and Experimental Immunology, 187: 441-454
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Fig. 3. Cell proliferation and immunosuppression enhanced in CD31*Tr cells but attenuated in CD31 ™ Tr cells in vitro. (a) Total-Tr, CD31 " Tr
and CD31 Tr cells isolated from peripheral blood mononuclear cells (PBMCs) of healthy donors were cultured in vitro by stimulation with
precoated anti-CD3 and soluble anti-CD28 antibodies for 5 days. Cell morphology was observed by inverted microscope (magnification X40)
and cell proliferation was assessed by carboxyfluorescein diacetate succinimidyl ester (CFSE) assay. Representative morphological images are
shown. Data are mean * standard deviation (s.d.), n= 5. *P < 0-05 versus total-Tr, *P < 0-05 versus CD31"Tr, one-way analysis of variance
(aNova) test. (b) Total-Tr, CD31 " Tr and CD31 Tr cells were co-cultured, respectively, with effector T cells (Teg) (CD4*CD257) at a ratio of

1 : 1 and T cells were cultured alone as controls in vitro by stimulation with precoated anti-CD3 and soluble anti-CD28 antibodies for 5 days.
T cell proliferation in each group was determined by CFSE assay. Data are mean * s.d., n=>5. *P < 0-05 versus T.g-control, *P < 0-05 versus

CD317" Tr : T. one-way analysis of variance (aNova) test.

in the CHD group compared with the HC group and greater
decreased p-STAT-5 levels were observed in CD31"Tr cells
than in CD31 Tr cells (Fig. 5b, upper right). As shown in
Fig. 5b (below right), in the HC group, p-STAT-5 levels in
CD31"Tr cells were higher than in CD31 ™ Tr cells without
IL-2 stimulation (US) or were comparable to CD31™ Tr cells
by ST treatment; in the CHD group, no significant differen-
ces were seen in p-STAT-5 levels between CD31*Tr and
CD31" Tr cells by US treatment, while significant differences
between them by ST treatment were observed. These results
indicate that the existence of decreased p-STAT-5 levels
might lead to decreased FoxP3 expression, especially in
CD31 7" Tr cells in patients with CHD.

However, we found no significant differences in
phospho-STAT-3 (p-STAT-3) levels between CD31 " Tr and
CD31 Tr cells whether with (ST) or without (US) IL-6
stimulation and whether in CHD patients or in the HC
group (Fig. 5c), which implied no close relationship
between p-STAT-3 and CD31 in T cells.

© 2016 British Society for Immunology, Clinical and Experimental Immunology, 187: 441-454

Discussion

In this study, we analysed and compared the frequencies and
functions of three different subsets of T,eg cells; that is, total-
Tr, CD31 7 Tr and CD31™ Tr cells isolated from PBMCs from
healthy individuals or patients with CHD. We also prelimi-
narily investigated changes in the phosphorylation levels of
SHP2 (associated with CD31 activation) and STAT-5/3
(associated with FoxP3 transcription) in different cell
groups. Our study demonstrated that the decreased frequen-
cies and impaired functions of CD31"Tr cells were associ-
ated with decreased FoxP3 expression in CHD patients, in
which SHP2 and STAT-5 activations were attenuated.

CHD is one of the most common diseases seriously
harmful to human health, and one of the leading causes of
death in China in recent years [37]. Atherosclerosis is the
pathophysiological basis of CHD, and prevention and
treatment of atherosclerosis are basic strategies for CHD
therapy. In atherosclerotic plaques, Thl and Th17 cells
aggregate and produce high levels of inflammatory
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Fig. 4. Decreased secretion levels of transforming growth factor (TGF)-B1 and interleukin (IL)—10 in CD31"Tr cells of patients with coronary
heart disease (CHD). (a,b) CD31"Tr or CD31 Tr cells derived from peripheral blood mononuclear cells (PBMCs) of healthy controls (HC) or
CHD patients were analysed for cytokine secretion using flow cytometry (FCM). TGF-f1 (a) and IL-10 (b) secretion levels were detected by
stimulation (ST) with or without (US) cell stimulation cocktail for 5 h. Data are mean * standard deviation (s.d.), n = 20. MFI = mean fluorescent
intensity; ISO = isotype; US = unstimulation; ST = stimulation. *P < 0-05, two-way analysis of variance (anova) test. [Colour figure can be viewed at

wileyonlinelibrary.com]

cytokines such as IFN-y and IL-17 [38,39], while T, cells
play an anti-inflammatory role through cell-to-cell contacts
and/or secretion of inhibitory cytokines such as TGF-1
and IL-10 [3-6]. Furthermore, studies have found that
Th17/T,g imbalance occurs in atherosclerosis and its clini-
cal complications such as ACS [31,32,40,41]. The imbal-
ance between immune inflammation and immune
regulation contributes to the development of atherosclero-

sis. Tyeq cell numbers are decreased and their functions are
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impaired in atherosclerosis; however, the underlying mech-
anisms remain unclear. Recently, CD31 has been found to
be involved in T cell responses and contribute to T cell tol-
erance, and the immunoregulatory role of CD31 has been
implicated in atherosclerosis. However, there are few stud-
ies concerning the direct link between CD31 expression
and T, cell function in atherosclerosis and its vascular
complications such as CHD. Thus, in this study we investi-
gated the role of the CD31" subpopulation in T, cells as
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Fig. 5. Decreased phosphorylation
levels of Src homology region 2
domain-containing phosphatase
(SHP2) and signal transducer and
activation of transcription-5
(STAT-5) in CD31"Tr cells of
patients with coronary heart
disease (CHD). (a—c) CD31"Tr or
CD31 Tr cells derived from
peripheral blood mononuclear cells
(PBMCs) of healthy controls (HC)
or CHD patients were analysed for
protein phosphorylation using flow
cytometry (FCM). SHP2 (a),
STAT-5 (b) and STAT-3 (c)
phosphorylation levels were
measured by stimulation with (ST)
or without (US) anti-CD3/anti-
CD28 antibodies, interleukin
(IL)—2 and IL-6 for 15 min,
respectively. Data are

mean * standard deviation (s.d.),
n=20. MFI = mean fluorescent
intensity; ISO = isotype;

US = unstimulation;

ST = stimulation. *P < 0-05, two-
way analysis of variance (ANOVA)
test. [Colour figure can be viewed
at wileyonlinelibrary.com]

(a)

COUNT

(b)

COUNT

(c)

COUNT

= so
. s
N ST
CD31*Tr
0
CD31Tr
0
= so
N ys
N ST
HC CHD
100
u |
60 \
A | ‘
40 /
; L CD31*Tr
010 m3 10 \u!' umz m3 m‘ mﬁ
100 100
80 80
604 60
40 40
20 / 20
5 W CD31Tr
0w’ 10’ w' 01 10 10" w0
p-STATS
L o]
N USs
. ST
HC CHD
100
80
80
40
= CD31*Tr
0
0
100
A
it
‘|
40 |
- |
. i €D31Tr
0 0 10 0 W0 10 10 10

p-STAT3

well as the correlation with FoxP3 expression in patients
with CHD or in healthy individuals. Our main purpose
was to observe the changes in the quantity and quality of
CD31" subpopulation in T,g cells under physiological or
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pathological conditions and conduct a brief investigation
on the molecular mechanisms underlying these changes in
order to elucidate the importance of CD31™" subpopulation

in T cells.
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We first confirmed decreased frequencies of CD31" Tr
cells in CHD patients and observed a positive correlation
between CD31 and FoxP3 expression of total-Tr cells, not
only in CHD patients but also in healthy individuals. Inter-
estingly, although decreased total-Tr cell frequencies
occurred mainly in patients with ACS, significantly
decreased CD31™ Tr cell frequencies began in SAP patients
accompanied by a decline of FoxP3 expression, meaning
that CD31*Tr cells may show abnormal activities from the
early stages of CHD.

We then demonstrated stable FoxP3 expression in
CD31"Tr cells in healthy individuals with enhanced prolif-
eration and immunosuppression and decreased FoxP3
expression in CD31 Tr cells with attenuated proliferation
and immunosuppression after activation in vitro. Put
another way, FoxP3 stable expression and increased prolif-
eration observed in CD31™Tr cells may also contribute to
enhance their immunosuppression in vitro. Having known
that increasing CD31 expression helps to improve T, cell
survival [16,23,24], this may account partly for good prolif-
eration of CD31"Tr cells in vitro. Unfortunately, we are
unable to repeat the above-mentioned cell culture and
functional assays in vitro in CHD patients due to the lack
of sufficient blood samples.

Because T, cells regulate Teg cell proliferation not only
via cellular direct contacts, but also via secretion of inhibi-
tory cytokines, we analysed the secretion levels of TGF-B1
and IL-10 in different subsets of T, cells from healthy
individuals or CHD patients. We demonstrated elevated
secretion levels of TGF-B1 and IL-10 in CD317Tr cells
compared with CD31 Tr cells with impaired secretion of
these cytokines in CD31™Tr cells present in CHD patients.
Results from intracellular cytokine detection revealed that
CD31"Tr cells had functional impairment in addition to
their lower frequencies in patients with CHD.

The key role of FoxP3 in regulating the suppressor func-
tion of T, cells has been well documented [7,9,42]. In this
study, we observed decreased FoxP3 expression as well as
decreased TGF-B1 and IL-10 secretion in CD317" Tr cells of
CHD patients, and considered that the former possibly
accounted for the latter based on the findings of others,
that attenuated FoxP3 expression leads to impaired secre-
tion of inhibitory cytokines and subsequent suppressor
function of T, cells [43,44]. Further analysis revealed that
the levels of p-SHP2 and p-STAT-5 were both reduced in
CD31"Tr cells of CHD patients, suggesting that decreased
FoxP3 expression in CD31"Tr cells might be because of
attenuated SHP2 and STAT-5 activation. Because SHP2
phosphorylation is likely to reflect CD31 activation, this
result indicates that the attenuated CD31 signal is also
present in CD31 " Tr cells of CHD patients. However, no
close relation between p-STAT-3 and CD31 in T, cells was
found in this study. Thus, we considered that the CD31 sig-
nal might affect FoxP3 expression associated with activa-
tion of SHP2 and STAT-5 in CD31 " Tr cells.

In summary, these data indicate that disorders of the
CD31" subpopulation in CD4*CD25" FoxP3* Tieg cells
lead, at least in part, to T, cell defects in patients with
CHD. This work also has limitations. We mainly compared
the clinical data of patients with different types of CHD,
including their comorbidities, such as hypertension,
diabetes and dyslipidaemia (Table 1). However, we did not
analyse specific drug use by different patients, in view of
the majority of them taking similar anti-CHD medications
including anti-platelet drugs, statins, angiotensin-
converting enzyme inhibitors and B-blockers. To our
knowledge, and beyond the disease context of CHD, our
findings emphasize the important role of the CD31" sub-
population in maintaining normal T, cell function, and
propose a novel explanation for impaired immunoregula-
tion of T, cells in CHD.
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