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Abstract

Background: Ischemic cardiac damage is associated with upregulation of cardiac

pro-inflammatory cytokines, as well as invasion of lymphocytes into the heart.

Regulatory T cells (Tregs) are known to exert a suppressive effect on several

immune cell types. We sought to determine whether the Treg pool is influenced by

myocardial damage andwhether Tregs transfer and deletion affect cardiac remodeling.

Methods and Results: The number and functional suppressive activity of Tregs

were assayed in mice subjected to experimental myocardial infarction. The

numbers of splenocyte-derived Tregs in the ischemic mice were significantly higher

after the injury than in the controls, and their suppressive properties were significantly

compromised. Compared with PBS, adoptive Treg transfer to mice with experimental

infarction reduced infarct size and improved LV remodeling and functional performance

by echocardiography. Treg deletion with blocking anti-CD25 antibodies did not influence

infarct size or echocardiographic features of cardiac remodeling.

Conclusion: Treg numbers are increased whereas their function is compromised in

mice with that underwent experimental infarction. Transfer of exogeneous Tregs

results in attenuation of myocardial remodeling whereas their ablation has no effect.

Thus, Tregs may serve as interesting potential interventional targets for attenuating

left ventricular remodeling.
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Introduction

Heart failure is a frequent cause of death in the industrialized world [1–2].

Approximately 6 million people suffer from heart failure in the United States

alone, resulting in about 300,000 deaths per year [3]. The major cause of heart

failure is myocardial infarction caused by atherothrombotic epicardial coronary

arterial obstruction [4–6].

Heart failure following myocardial infarction can result from a substantial loss

of cardiomyocytes in the infarcted zone, but more often is precipitated by delayed

and progressive pathological remodeling of the left ventricle (LV). When myocardial

tissue is injured, a normal healing response is initiated through a series of complex

events that include acute inflammation, formation of granulation tissue, and

eventual scar formation [7–8]. Cytokines and growth factors are released to recruit

white blood cells, mainly neutrophils. Monocytes are then recruited to the wound

site, where they differentiate into macrophages. The macrophages are responsible for

clearing the infarcted zone and also for recruiting cells such as fibroblasts, endothelial

cells and stem/progenitor cells, with consequent formation of granulation tissue.

Blood vessel formation is essential for healing of the infarcted myocardium.

Granulation tissue is subsequently replaced by extracellular matrix (ECM), which is

deposited primarily by fibroblasts and remodeled into scar tissue [9].

The concept of ‘suppressor’ T cells acting to down regulate the host’s immune

system arose as long ago as the early 1970s [10–11]. The naturally occurring

population of CD4+CD25+ T cells (regulatory T cells; Tregs), both in naïve mice

and in humans, constitutes 5–10% of the peripheral CD4+ T cells and less than 1%

of the peripheral CD8+ T cells [12]. A previous study by our group showed that

CD4+CD25+ Tregs may play a protective role in the progression of atherosclerosis

and in patients with acute coronary syndromes [13]. We also demonstrated that

in these conditions the numbers of naturally occurring CD4+CD25+ Tregs are

reduced and their functional properties are compromised [14].

It has been reported that insufficient recruitment of Tregs via the CCR5

receptor results in worsening of ventricular remodeling [15]. A recent study

described a role for Tregs in a rat model of myocardial infarction [16], and in a

study in mice it was shown that CD4+ T-cells become activated after myocardial

infarction and facilitate wound healing of the myocardium [17].

In this study we show for the first time that Tregs become dysfunctional after

experimental myocardial infarction, whereas their numbers increase. Moreover,

whereas adoptive transfer of Tregs attenuates remodeling, their ablation with

blocking antibodies does not influence this process.

Methods

Ethical Statement

The study was performed in accordance with the guidelines of The Animal Care

and Use Committee of Sheba Medical Center, Tel-Aviv University, which
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conforms to the policies of the American Heart Association and the Guide for the

Care and Use of Laboratory Animals. The experiment was conducted with the

approval of the ethics committee of the University of Tel-Aviv (IACUC under

protocol number M-09-076).

Animals

Mature male C57BL/6 mice, 10–12 weeks old, weighing 20–25 g were purchased

from Harlan Laboratories, Jerusalem.

Surgical procedure

Myocardial infarction was induced in the mice by permanent ligation of the left

anterior descending coronary artery (LAD) (n 5 10–20 per group). Mice were

anesthetized with 2% isoflurane, intubated orally, and artificially ventilated with a

respirator. A small oblique thoracotomy was performed lateral to the midsternal

line in the third intercostal space to expose the heart. The pericardium was opened

and the proximal left anterior descending artery branch of the left coronary artery

was ligated. Sham-operated mice underwent the same surgical procedure without

ligation of the artery and served as controls. Dypirone 60 mg/kg subcutaneous

(s.c) injection was given after induction of the myocardial infarction.

For measurements of kinetics, mice from each group (ischemic mice (n518)

and sham- operated mice (n520)) were sacrificed by carbon dioxide (CO2)

inhalation, using gradual filling of the chamber, 1 day (n58), 5 days (n57), 14 days

(n513), or 30 days (n513) after LAD ligation. For the adoptive transfer experiment

and for the depletion experiment, mice were anaesthetized by intraperitoneal (i.p)

injection of an overdose of Phenobarbital sacrificed 28 days following the procedure.

Cell separation and flow cytometry

At the above mentioned time points after LAD ligation, organs (spleens and

hearts) were collected for flow cytometric (FACS) analysis and functional

suppression assay. Splenocytes were co-stained with the following monoclonal

antibodies: fluorescein isothiocyanate-labeled anti-CD4 (GK1.5; Miltenyi Biotec,

Bergisch Gladbach, Germany), phycoerythrin-labeled anti-CD25 (7D4; Miltenyi

Biotec), and allophycocyanin anti-mouse/rat forkhead box P3 (FOXP3) (clone

FJK-16s; eBioscience, San Diego, CA). Flow cytometry was performed with a BD

FACSCanto II flow cytometer, for the adoptive transfer assay, cells were sorted

with a FACSAria II device, and the results were analyzed by FACSDiva software

(all from Becton Dickinson, Franklin Lakes, NJ). For Tregs depletion, splenocytes

were isolated 7 days post ischemia and were co-stained with the Tregs markers.

Co-culture of effector and Tregs

For co-culturing of CD4+CD25- T cells (effector T cells; Teffs) and Tregs (n58–

10), 96-well plates were coated with 1 mg/ml of anti-CD3 monoclonal antibody
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(clone 145-2C11, eBioscience) overnight at 4 C̊. Teff as responders and

CD4+CD25hi Tregs as suppressors (26104 cells/well) were co-cultured in RPMI

medium supplemented with 10% fetal calf serum at different ratios of suppressors

to responders (1:1, 1:2, 1:4). All cells were seeded in a final volume of 200 ml in the

presence of soluble anti-mouse CD28 (clone 37.51, eBioscience). After 72 hours,

[3H] thymidine (1 mCi/well) was added for 18 hours, and cell proliferation was

then assayed by scintillation counting in a beta counter. Percent inhibition of

proliferation was determined with the following formula: 1-(median [3H]

thymidine uptake of 1:1 responder/suppressor co-culture/median [3H]thymidine

uptake of Treg only).

Study design for in-vivo adoptive transfer

One day after induction of myocardial infarction, mice received 26105 purified

CD4+CD25hi Tregs (n 5 15) or equal volumes of phosphate-buffered saline (PBS)

as control (n 5 15), injected once into the tail vein. After exclusion of mice that

died during induction of anesthesia or myocardial infarction, the final analysis

was done on 14 mice, which were then sacrificed on day 28.

Treg ablation with Anti-CD25 Monoclonal Antibody

One day prior induction of LAD ligation and 14 days after the procedure, 200 mg

of anti-CD25 (clone PC61) was administered intraperitoneally in a volume of

200 ml sterile saline (n515). Rat IgG1 K isotype control functional grade purified

(clone 16-4301, eBioscience) was used as control at the same volume (n512). The

extent of Treg depletion was evaluated by a prior study using different

concentration of anti-CD25 given via the tail vein [18]. The depleting antibody

had a different epitope than used in the flow cytometric assay [19].

Detection of injected Tregs labeled with DiI on frozen heart

sections

To determine whether the injected cells home to the injured myocardium, one day

after induction of myocardial infarction, we injected mice intravenously with

Tregs labeled with 1,1’ - Dioctadecyl - 3,3,3’,3’ - tetramethylindocarbocyanine iodide

(DiI). For control sham operated mice were injected with labeled Tregs (n58) in

addition, mice that underwent myocardial infarction were injected with labeled

non-Tregs (n58). Hearts were then harvested on days 1(n58), 4 (n510), and

7(n58) after the injection, control mice were sacrificed at day 4 post injection, the

hearts were sectioned into two transverse slices parallel to the atrioventricular

ring, embedded in OCT and frozen immediately. The OCT blocks were

cryosectioned into 5-mm slices, fixed with 70% ethanol, stained for double-

stranded DNS with 4’,6-diamidino-2-phenylindole (DAPI), covered, and then

examined under a fluorescence microscope (Olympus BX 51).
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Echocardiography

Mice were anesthetized as described above. Transthoracic echocardiography was

performed with a mouse echocardiography system (Vevo 770, VisualSonics,

Toronto, Canada) equipped with a 35 MHz phased array. Recordings were

obtained from all mice (Tregs or PBS injection) 1 day after the myocardial

infarction (baseline echocardiogram) and 4 weeks after myocardial infarction.

Hearts were imaged two-dimensionally in the parasternal long- and short-axis

views, through which the M-mode cursor was positioned perpendicular to the left

ventricle (LV) septum and posterior wall [20–21]. All measurements were

performed by an experienced technician blinded to the treatment group, and were

averaged for three consecutive cardiac cycles.

Histological and heart morphometric analysis

Hearts were arrested with 15% KCl, perfused with 4% formaldehyde (15 mm Hg)

for 20 minutes and cut into two transverse slices parallel to the atrioventricular

ring. Each slice was fixed with 4% buffered formalin, embedded in paraffin, and

sectioned into 5-mm slices. Serial sections were stained with either hematoxylin

and eosin to detect cellular infiltration or with Masson’s trichrome stain (Sigma,

St Louis, MO) to detect fibrosis and assess its area. To assess vessel density (mean

number of capillaries and arterioles/mm2), five adjacent fields (at x 400

magnification) of each section were examined at the border between the viable

myocardium and the scar and stained against CD31 (Santa Cruz Biotechnology,

CA, USA).

All slides were digitally photographed, analyzed with manual planimetry

software (Sigma Scan Pro version 5; SPSS; Chicago, IL), and then used to evaluate

LV remodeling as previously described [20–21].

Statistical analysis

GraphPad Prism, version 5.00 for Windows (GraphPad Software, San Diego, CA),

was used for statistical analysis. All variables are expressed as means ¡ SEM. The

Mann-Whitney test (if data were not normally distributed) or unpaired t-test (if

data were normally distributed) were used to compare between two groups.

Changes in FACS-derived measurements in mice that underwent myocardial

infarction and in sham-operated mice were compared by repeated measures two-

way ANOVA followed by the Mann-Whitney test. Differences between baseline

and 30 days were assessed using 2-tail paired t tests. To test the hypothesis that

changes in measures of LV function between 1 and 30 days varied among the

experimental groups, a general linear model 2-way repeated-measures ANOVA

was used. The model included the effects of treatment, time, and treatment-by-

time interaction. The Bonferroni correction was used to assess the significance of

predefined comparisons at specific time points.In addition, relative change (%) in

baseline parameters were calculated as [(follow-up parameter minus baseline

parameter)/baseline parameter] 6 100, and were assessed by means of two-tailed
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unpaired t tests. To assess the number of DiI-labeled Tregs, data were compared

by Kruskal-Wallis with Dunn’s multiple comparisons.

Results

Percentages of Tregs in lymphoid tissue is increased after

myocardial infarction

For the quantitative assay, 40 mice were included in the experiment; two mice

died during induction of anesthesia or myocardial infarction. The final analysis

was performed with 18 mice for the MI group and 20 mice for control.

To determine whether Treg pool is altered after experimental infarction we first

evaluated the kinetics of Tregs in the spleen. We chose four different time points

after myocardial infarction and measured the levels of CD4+CD25+FOXP3 out of

the total splenic CD4 population. During the first 24 hours after myocardial

infarction, Treg numbers in the spleens of ischemic mice were significantly

increased (15.8 ¡ 0.58%) compared with sham-operated mice (11.88 ¡ 0.68%)

(p ,0.03; Fig. 1A). Treg numbers then decreased, and by day 30 after myocardial

infarction, their levels in the ischemic mice were similar to those of the sham-

operated control mice (day 5, 13.6 ¡ 0.1% in ischemic mice vs. 11.8 ¡ 0.3% in

controls, p,0.05; day 14, 12.82 ¡ 0.6% in ischemic mice vs. 11.68 ¡ 0.6% in

controls; day 30, 10.46 ¡ 1.0% in ischemic mice vs. 11.3 ¡ 0.6% in controls). At

all experimental time points the levels of CD4+CD25+FOXP3 in the sham-

operated mice group were similar (approximately 10.5%; Fig. 1A). A represen-

tative FACS recording shows the Treg percentages of ischemic vs. sham-operated

mice on day 1 post myocardial infarction compared to their percentages on day 30

post myocardial infarction (Fig. 1B).

Tregs are present in the injured heart tissue after myocardial

infarction

It is well established that there are no lymphocytes present in the healthy heart

[22]. After induction of myocardial infarction, hearts were enzymatically

dissociated into single cell suspensions and analyzed by FACS. Seven days after

myocardial infarction the mouse hearts clearly demonstrated the presence of

CD4+CD25hi lymphocytes (Fig. 2B). We found a significant increase in the

percentage of Tregs out of CD45 positive cells (Fig. 2A, p ,0.03) following

myocardial infarction induction. Figure 2B and 2C shows representative FACS

Figure 1. Kinetics of spleen-derived Tregs. The Treg population is increased after experimental myocardial infarction. (A) FACS assay of Tregs after
myocardial infarction shows the numbers of Tregs, expressed as a percentage of the total number of CD4 cells, 1 day, 5 days, 14 days and 30 days after
myocardial infarction. Treg cell measured by CD4+CD25+FOXP3 (B) Representative FACS results showing kinetics of Tregs 1 day and 30 days after
experimental myocardial infarction. p based on Two-way ANOVA; * p,0.05 based on Mann-Whitney test. n (MI)518; n(sham)520

doi:10.1371/journal.pone.0113653.g001
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recordings of side scatter stained by CD45 at myocardial infarction group vs.

control group, while figure 2D and 2E shows CD25+ FOXP3 cells expressed as

percentages of CD4 in ischemic vs. control mice.

Suppressive properties of Tregs are compromised after

experimental myocardial infarction

To assess the suppressive properties of Tregs from mice with induced myocardial

infarction, we used an in-vitro functional suppression assay, which we performed

at two selected time points (Fig. 3), equivalent to those chosen for the kinetic Treg

assay: day 1 (Fig. 3A) and day 14 (Fig. 3B). We have found that the functional

suppressive properties of mice after experimental myocardial infarction are

reduced as compared with those from control animals We used T-test for each of

the individual ratios and the results were presented that were found significant.

Fluorescently labeled regulatory T cells migrate to the injured

heart

To study whether Tregs migrate to the injured heart, DiI-labeled Tregs were

systemically injected into mice 1 day after myocardial infarction. In mice that were

sacrificed 1 day, 4 days and 7 days after injection, DiI-stained Tregs were observed

in the infarcted hearts. Tregs with the DiI label are shown in Fig. 4A, 4D, 4G, 4J

and 4M whereas DAPI-labeled cells are shown in Fig. 4B, 4E,4H, 4K and 4N. In

Fig. 4C, 4F,4I, 4L and 4O the pictures showing DAPI labeled cells and the DiI

labeled cells merged together. Tregs in the peri-infarct zone were scarcely found

on day 1 after the injection of labeled Tregs, but more abundantly found on day 4.

Figure 4Q shows that Tregs significantly increased in number on day 4 and

significantly decreased by day 7 by using one way ANOVA test (day 1 vs. day 4, p

5 0.007; day 1 vs. day 7, p ,0.0001; day 4 vs. day 7, p 5 0.6).

Adoptive transfer of Tregs attenuate left ventricular dysfunction

To examine whether Tregs exert a beneficial effect on cardiac remodeling, we

transferred Tregs or PBS (as control) intravenously into mice with induced

myocardial infarction.

Mice injected with Treg attenuated the typical course of dysfunction as assessed

by Left ventricle fractional shortening (LVFS) compared with control (Fig. 5A,

5B). Control mice exhibited worsened remodeling process by fractional short-

ening (p,0.007). In addition, Treg-treated mice exhibit similar LV end systolic

Figure 2. Tregs migrate to the injured heart. (A) FACS analysis records the numbers of Tregs (CD4+CD25hi

cells) expressed as a percentage of the total number of CD45 cells after myocardial infarction. (B–C)
Representative FACS recordings of the kinetics of CD45 presence in mice with experimentally induced
myocardial infarction compared with control mice. (D–E) Representative FACS pictures of CD25+FOXP3 out
of CD4 in infarct heart or control heart. *p,0.03 based on Mann-Whitney test, n5 4;

doi:10.1371/journal.pone.0113653.g002
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area (LVESA), whereas in the control mice there was a significant increase in this

parameter (Fig. 5B, p 5 0.004).

Table 1 presents echocardiographic parameters of mouse LV function obtained

by 2-D echocardiography 1 day after myocardial infarction (baseline) and 4 weeks

after myocardial infarction was induced. Changes in echocardiographic variables

are shown in Table 2. After 4 weeks, significant changes were evident in the LV

end-diastolic dimension (LVEDD), LV end-systolic dimension (LVESD), LV end-

systolic area (LVESA), FS and fractional area change (FAC), whereas the change in

LV end-diastolic area was not significant. Control mice exhibited a significant

increase in all the parameters. In contrast, Treg-treated mice showed a mild

Figure 3. Suppressive properties of Tregs. Assay of functional suppression assay (A–B) shows a trend
towards decline in the suppressive properties of Tregs, with significant effects at two time points after
experimental induction of myocardial infarction at all ratios. p based on Two-way ANOVA; * p,0.05 based on
Mann-Whitney test, n5 6–10;

doi:10.1371/journal.pone.0113653.g003
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increase in LV dilatation indexes, including LV end-diastolic diameter (LVEDD)

and LV end-diastolic area (LVEDA). We found a marked effect of Tregs injection

in prevention of LV dilatation and in attenuation of LV dysfunction. We also

observed a significant effect of interaction between the two groups.

Transfer of Tregs reduces infarct size

Post-mortem heart sections were analyzed morphometrically 4 weeks following

myocardial infarction induction. Masson’s trichrome staining showed that Treg-

treated hearts were relatively well preserved compared with the control group

Figure 4. Homing of Tregs to ischemic hearts after their intravenous injection. (A–C) Frozen heart sections 1 day after intravenous (i.v.) injection of DiI-
labeled Tregs. (D–F) Frozen heart sections 4 days after i.v. injection of DiI-labeled Tregs. (G–I) Frozen heart sections 7 days after i.v. injection of DiI-labeled
Tregs. (J–L) Frozen heart sections 4 days after i.v. injection of DiI-labeled no-Tregs. (M–O) Frozen heart sections 4 days after i.v. injection of DiI-labeled
Tregs sham mice. (Q) Treg numbers are significantly increased by day 4 post i.v. injection. p based on Kruskal-Wallis; **p,0.001, ***p,0.0001 based on
Dunn’s multiple comparison test. n (day 1)58; n (day 4)510; n (day 7)58, MI no-Treg cells (n58), Sham (n58).

doi:10.1371/journal.pone.0113653.g004
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(Fig. 6, p 5 0.018 (1.55 ¡ 0.4 after Treg injection vs. 4.1 ¡ 1.1 after PBS

injection).

A fibrotic area measured by morphometric analysis of the heart sections is

shown in Figure 6A, and representative photographs of Treg-treated and PBS-

treated hearts stained with Masson’s trichrome are seen in Figure 6B.

Effect of Tregs on vascularization

To determine the effect of Tregs transfer on vascularization, we harvested hearts

28 days after injection (after echocardiography imaging). CD31 staining showed

Figure 5. Adoptive transfer of Tregs improves cardiac function. (A) Treg-treated mice maintain fractional
shortening, whereas control (PBS-treated) mice exhibit deterioration in this parameter. (B) Treg-injected mice
exhibit no change in LVESA, whereas after 4 weeks the PBS-treated mice show a significant increase in
LVESA compared to baseline. p based on Two-way repeated measures ANOVA; **p,0.007 and ***p,0.0005
based on 2-tail paired test.

doi:10.1371/journal.pone.0113653.g005
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Table 1. Comparison of left ventricular remodeling and function in Treg or PBS injected mice by 2-dimensional echocardiography 1 day after MI (baseline)
and 4 weeks after first echo.

Treg (n57) PBS(n57) p1 (repeated measures ANOVA)

LVEDD, mm

Baseline 3.7¡0.1 3.4¡0.08

4 weeks 3.9¡0.2 4.2¡0.14

p2(paired t-test) 0.25 0.004 0.05

LVESD, mm

Baseline 2.7¡0.1 2.3¡0.07

4 weeks 2.8¡0.2 3.2¡0.19

P2(paired t-test) 0.6 0.0009 0.006

LVEDA, mm2

Baseline 11.05¡0.5 10.32¡0.5

4 weeks 12.11¡1.09 13.35¡0.5

P2(paired t-test) 0.4 0.004 0.17

LVESA, mm2

Baseline 6.07¡0.52 4.06¡0.3

4 weeks 6.3¡0.8 8.18¡0.7

P2(paired t-test) 0.8 0.0005 0.004

FS, %

Baseline 26.26¡3.6 32.96¡2.9

4 weeks 27.93 ¡ 1.99 22.05¡2.17

P2(paired t-test) 0.7 0.007 0.03

FAC, %

Baseline 44.9¡4.2 60.3¡2.8

4 weeks 48.8¡3.8 39.3¡3.7

P2(paired t-test) 0.5 0.0008 0.002

1. p in the right column reflect comparison of the differences between treatment and control groups over time. p based on 2-way repeated measures ANOVA.
2. p in the left columns are for the differences between baseline and 4-week measurements, based on paired t-test.
LVEDD 5 Left ventriculart end diastolic diameter; LVESD 5 Left ventricular end systolic diameter; LVEDA 5 Left ventricular end diastolic area; LVESA 5

Left ventricular end systolic area; FS 5 fractional shortening 5 [(LVDD (-) LVSD)/LVDD] x100; FAC 5 fractional area change 5 [(LVEDA-LVESA)/
LVEDA]X100.

doi:10.1371/journal.pone.0113653.t001

Table 2. Percentage of change2 from 1 day after MI (baseline) obtained by echocardiography 4 weeks after first echocardiography.

Treg (n57) PBS (n57) p 1(unpaired t-test)

LVEDD, mm 5.6¡4.5 21.06¡4.9 0.04

LVESD, mm 4.89¡7.5 41.48¡6.75 0.003

LVEDA, mm2 10.8¡10.2 31.25¡7.9 0.14

LVESA, mm2 7.8¡16.3 101.4¡13.9 0.0009

FS, % 19.6¡18.1 231.7¡5.8 0.02

FAC, % 14.1¡12.4 226.9¡7.5 0.015

1. p based on unpaired t-test.
2. Percentage of change 5 (echo 2-echo 1)/echo 1x100.
Abbreviations as in Table 1.

doi:10.1371/journal.pone.0113653.t002
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that Treg-treated hearts was more than 2- fold greater than PBS treated hearts in a

small capillaries (,10 mm) per mm2 (Fig. 6C, p50.002), while the number of

vessels (.10 mm) per mm2 was similar between the two groups (Fig. 6D, p50.9),

this finding is probably related to the number of Treg cells with well recognized

angiogenic properties at the time of evaluation. Representative photographs of

Treg-treated hearts and PBS treated hearts stained with CD31 are seen in

Figure 6E and 6F.

Treg depletion by PC61 antibodies

To determine the role of Tregs in cardiac remodeling, we induced Treg depletion

in mice one day before myocardial infarction induction. The antibody dosage was

tested at three different ratios (Fig. 7A) to determine the correct dose that deplete

Tregs. Consistent with previous reports [23–24], the results shows that lowerlevels

of ACD25 induce a more potent deletion of Tregs markers. The observed

variability is due to technical variability in the staining, as well as normal

biological variation between different mice. It appears that although mice are age

and sex matched, differences are noticed in vivo when antibody activity is

sampled. To our experience, this variability is not surprising and we overcome it

by repeating also in vivo studies several times.

Thus, in order to deplete Treg cells, 200 mg of anti-mouse CD25 monoclonal

antibody clone PC61 were administered intraperitoneally starting on day 1 prior

to induction of myocardial infarction. Representative FACS picture shows the

levels of FOXP3CD25hi out of CD4+ cells (Fig. 7B–7G).

Numerous previously published studies have used these methods [25–27]. The

depleting antibody has a different epitope than used in the flow cytometric assay

[19].

In many reports, Tregs were shown to suppress immune responses via IL-10

production [28–29]. One study demonstrate lower levels of IL-10 in the corneas of

Treg-depleted WT mice as compared with that in undepleted WT animals [30].

Another study we performed showed lower levels of IL-10 mRNA expression in

Treg depleted mice as compared to the control group [31]. This may explain the

issue that a reduced number of Treg cells demonstrate reduced Treg functional

capacity.

Treg ablation does not influence remodeling after experimental

infarction

No difference in echocardiography parameters was observed in the PC61 mAb

injection group as compared with rat IgG isotype control group on day 28 after

Figure 6. Adoptive transfer of regulatory T cells reduces infarct size. (A) Morphometry shows that treatment with Tregs reduces the proportion of
fibrosis. (B) Representative sections of mouse heart treated with Tregs or PBS and labeled by Masson Trichrome staining at x20 magnification compared to
control heat. (C) The number of capillaries was 2-fold greater in the Treg-treated group. (D) The number of vessels.10 mm was similar between the groups.
(E–F) Serial sections were immunolabeled with antibodies against CD31 at x400 magnification. *p,0.02, **p,0.002 based on Mann-Whitney test.

doi:10.1371/journal.pone.0113653.g006
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ischemia induction (Fig. 8A and 8B). Table 3 presents a comparison of mouse LV

function obtained by 2-D echocardiography 1 day after myocardial infarction

(baseline) and 4 weeks after myocardial infarction was induced. No differences

were evident after comparing remodeling parameters between study groups LV.

Changes in echocardiography variables are shown in Table 4.

Tregs ablation does not alter infarct size

Post-mortem heart sections were analyzed morphometrically 4 weeks following

myocardial infarction induction. Masson’s trichrome staining confirmed no

significant differences in infarct size between both groups (Fig. 9A).

Representative photographs of ACD25 and IgG-treated hearts stained with

Masson’s trichrome are seen in Figure 9.

Treg ablation dose influence Vascularization

To determine the effect of Tregs ablation on vascularization, we harvested hearts

28 days after injection (after echocardiography imaging). CD31 staining showed

that ablation of Tregs resulted in a 2-fold reduction in small capillaries (,10 mm)

per mm2 as compared to IgG treated mice (Fig. 9B, p50.0095), however the

number of vessels (.10 mm) per mm2 was similar between the two groups

(Fig. 9C, p50.8). Representative photographs of Treg ablation and IgG treated

hearts stained with CD31 are shown in Figure 9D and 9E.

Discussion

Upon ischemic cardiac damage, cardiac pro-inflammatory cytokines are

upregulated following invasion of leukocytes and subsequently of lymphocytes.

The cellular effectors and endogenous molecular signals implicated in suppression

and containment of the inflammatory response in the infarcted heart are

summarized in a recent review [32].

Several studies, demonstrate that patients with acute coronary syndromes with

evident cardiac ischemia, exhibit reduced numbers and functional compromise of

their peripheral Tregs [33–35, 14]. Two recent studies showed that Tregs play a

beneficial role in the process of cardiac remodeling after myocardial infarction.

The first of these reports showed that adoptive transfer of Tregs could attenuate

cardiac dysfunction and fibrosis, however the sample sizes were very small [36].

Tang et al. [16] demonstrated that Tregs exhibit protective effects on LV structure

and function in a rat model of myocardial infarction. In this paper the authors

further showed that transfer of Tregs in the same model can reduce cardiac

hypertrophy and interstitial fibrosis compared to sham-operated controls, and

Figure 7. Anti-CD25 mAb (PC61) depletes CD4+CD25+FOXP3 cells. (A) The antibody dosage at three different ratios. Representative FACS picture
shows the levels of CD25hiFOXP3 out of CD4+: (B), (D), (F) PBS injection group (C) ACD25 injection group: 800 mg (E) 500 mg and (G) 200 mg. p based on
Two-way ANOVA; ***p,0.0001 based on Bonferoni’s multiple comparison test.

doi:10.1371/journal.pone.0113653.g007
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that these beneficial effects are probably achieved by various mechanisms,

including modulation of inflammatory responses, inhibition of cytotoxic T-cell

responses, and direct protection of cardiomyocytes against apoptosis.

The data obtained in the present study sheds additional light on the kinetics of

peripheral splenocyte and local Treg accumulation in the infarcted heart.

Furthermore, we provide additional support for a beneficial role of Treg transfer

after experimentally induced myocardial damage. We have demonstrated the

effects of Tregs in a model of myocardial infarction in mice. Compared with rats,

mice provide better tools for the study of immune markers. We showed that

compared with sham-operated mice, the levels of CD4+CD25+FOXP3 cells among

Figure 8. No effect on cardiac function after Tregs depletion. (A) ACD25 mAb or control (IgG isotype
control) treated mice exhibit deterioration in FS parameter. (B) ACD25 mAb or control (IgG isotype control)
treated mice exhibit significant increase in LVESA after 4 weeks compared to baseline. p based on Two-way
repeated measures ANOVA; *p,0.02 and **p,0.002 based on 2-tail paired test.

doi:10.1371/journal.pone.0113653.g008
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Table 3. Comparison of left ventricular remodeling and function in ACD25 or IgG injected mice by 2-dimensional echocardiography 1 day after MI (baseline)
and 4 weeks after first echo.

ACD25(n515) IgG (n512) p 1(repeated measures ANOVA)

LVEDD, mm

Baseline 3.79¡0.13 3.7¡0.1

4 weeks 4.34¡0.17 4.2¡0.13

P 2(paired t-test) 0.0174 0.0035 0.97

LVESD, mm

Baseline 2.843¡0.15 2.852¡0.14

4 weeks 3.46¡0.19 3.46¡0.17

P 2(paired t-test) 0.0175 0.0094 0.99

LVEDA, mm2

Baseline 12.4¡0.63 11.81¡0.5

4 weeks 15.4¡1.09 14.92¡0.7

P 2(paired t-test) 0.025 0.0016 0.92

LVESA, mm2

Baseline 6.95¡0.58 6.463¡0.6

4 weeks 9.633¡0.81 9.42¡0.7

P 2(paired t-test) 0.0121 0.0051 0.813

FS, %

Baseline 25.62¡1.89 23.18¡2.34

4 weeks 20.87 ¡ 1.98 18.779¡1.92

P 2(paired t-test) 0.094 0.16 0.895

EF, %

Baseline 50.51¡3.072 46.39¡3.912

4 weeks 42.047¡3.316 38.61¡3.44

P 2(paired t-test) 0.0715 0.092 0.88

LVEDV, mm3

Baseline 63.2¡5.03 58.94¡3.9

4 weeks 88.15¡8.8 81.97¡5.9

P 2(paired t-test) 0.004 0.009 0.85

LVESV, mm3

Baseline 32.73¡4.06 32.23¡3.603

4 weeks 52.67¡6.9 51.61¡6.025

P 2(paired t-test) 0.003 0.011 0.99

EF, %

Baseline 50.51¡3.072 46.39¡3.912

4 weeks 42.047¡3.316 38.61¡3.44

P 2(paired t-test) 0.009 0.05 0.88

1. p in the right column reflect comparison of the differences between treatment and control groups over time. p based on 2-way repeated measures ANOVA.
2. p in the left columns are for the differences between baseline and 4-week measurements, based on paired t-test.
LVEDD 5 left ventricle end diastolic diameter; LVESD 5 left ventricle end systolic diameter; LVEDA 5 left ventricle end diastolic area; LVESA 5 left ventricle
end systolic area; FS 5 fractional shortening 5 [(LVDD -LVSD)/LVDD]x100; FAC 5 fractional area change 5 [(LVEDA-LVESA)/LVEDA]X100; LVEDV 5 left
ventricle end diastolic volume; LVESV 5 left ventricle end systolic volum; EF 5 ejection fraction.

doi:10.1371/journal.pone.0113653.t003
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the splenocytes of mice undergoing LAD ligation are significantly increased (p 5

0.02) as soon as 1 day post the procedure.

The absence of lymphocytes in the normal heart [22], along with our

observation thatTregs exist in infarcted hearts, suggests that these cells migrate to

the injured tissue, most likely in response to the injury, and may have an

important role in controlling the local inflammation that influences remodeling.

We also studied the functional suppressive properties of Tregs from mice with

induced myocardial infarction and show for the first time that Tregs isolated from

mice after experimental infarction are dysfunctional in their suppressive

properties. Collectively these results may suggest that experimental myocardial

infarction alters in systemic Treg pool that could influence remodeling.

This finding apparently contrasts a reduction reported in Treg functional

properties in patients with acute coronary syndromes, some of whom had

sustained myocardial infarction [37]. Those patients, however, were found to have

extensive coronary atheroma, whereas the mice used in that experiment study

were not atherosclerotic [38–40].

Tregs were recently shown to be major cerebroprotective modulators of post-

ischemic inflammatory brain damage targeting multiple inflammatory pathways

[41]. Another study demonstrated that trafficking of T lymphocytes, particularly

Tregs, is increased during healing that follows kidney ischemia-reperfusion injury

[42–44]. These findings led us to hypothesize that transfer of Tregs might partially

salvage ischemic damage in the heart. We therefore performed assays of adoptive

transfer, as carried out previously in models of experimental autoimmune

encephalomyelitis and diabetes [45, 39, 37]. Use of a mouse model of myocardial

infarction allowed us to demonstrate that Treg improved myocardial performance

after experimentally inducted infarction. Compared with PBS treatment, Treg

transfer resulted in a significant reduction in infarct size. We validated this finding

by separately measuring the size of the fibrotic areas and by echocardiographic

Table 4. Percentage of change2 from 1 day after MI (baseline) obtained by echocardiography 4 weeks after first echocardiography.

ACD25 (n515) IgG (n512) p 1 (unpaired t-test)

LVEDD, mm 15.4¡3.9 16.15¡5.6 0.91

LVESD, mm 23.95¡6.2 24.4¡8.23 0.96

LVEDA, mm2 25.54¡7.2 30.02¡10.5 0.72

LVESA, mm2 47.73¡12.98 60.55¡21.17 0.6

FS, % 217.13¡6.1 214.37¡9.156 0.8

FAC, % 213.85¡5.3 213.91¡63.57 0.99

LVEDV, mm3 44.11¡11.62 49.13¡19.5 0.8

LVESV, mm3 80.05¡22.14 85.05¡31.6 0.89

EF, % 215.89¡5.2 213.58¡8.074 0.8

1. p based on unpaired t-test
2. Percentage of change5(echo 2-echo 1)/echo 1x100.
Abbreviations as in Table 3.

doi:10.1371/journal.pone.0113653.t004
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Figure 9. No effect at infarct size after Tregs depletion. Representative sections of mouse heart treated with (A) IgG isotype control or PC61 mAb and
labeled by Masson Trichrome staining at x20 magnification. (B) The number of capillaries was 2-fold lower in the Treg ablation group. (C) The number of
vessels.10 mm was similar between the groups (D–E) Serial sections were immunolabeled with antibodies against CD31 at x400 magnification. **p,0.001
based on Mann-Whitney test; n(ACD25) 54; n(IgG)56.

doi:10.1371/journal.pone.0113653.g009
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measurements that showed prevention of LV dilatation and attenuation of LV

dysfunction.

We were also able to show that Tregs migrate to the injured area, reaching a

peak on day 4 after cell transfer. Migration of Tregs to the infarcted zone may

control local inflammation by attenuating damage mediated both by T cells and

by antigen-presenting cells, thus harboring protective effects on the damaged

myocardium.

However, it appears that whereas delivery of exogenous Tregs attenuates

remodeling, Treg ablation with monoclonal antibodies to CD25 was did not

aggravate remodeling as infarct size and echocardiographic parameters remained

unchanged. It thus appears that a threshold level of Tregs is sufficient to maintain

the cardiac reparative process, and further exogenous delivery of these cells can

aid in attenuating remodeling. If provision of Tregs does not produce the opposite

effect of Treg depletion, there is no linear association between systemic Treg levels

and the extent of protection against ischemia induced damage.

In conclusion, our study demonstrates that after experimental heart injury,

Treg pool is altered in number and in function. Transfer of exogenous Tregs

improves remodeling whereas their ablation does not influence the process. If

further confirmed in humans these findings may be harnessed for developing

novel modalities to attenuate cardiac damage after myocardial infarction.

Acknowledgments

We thank Radka Holbova (Sheba regenerative Medicine, Stem cells and Tissue

Engineering Center, Tel-Hashomer, Israel) for performing the mice operations.

We also thank Ziva Dror for Echocardiography measurements.

Disclosures: This work was performed in partial fulfillment of the requirements

for a PhD degree of Rinat Sharir, Sackler Faculty of medicine, Tel Aviv University,

Israel.

Author Contributions
Conceived and designed the experiments: JG. Performed the experiments: RS.

Analyzed the data: RS. Contributed reagents/materials/analysis tools: ME-M SM-

A TB-M NL-R SS AS. Wrote the paper: RS JS GK JG.

References

1. Cleland JG, Khand A, Clark A (2001) The heart failure epidemic: exactly how big is it? Eur Heart J 22:
623–626.

2. Sharpe N, Doughty R (1998) Epidemiology of heart failure and ventricular dysfunction. Lancet 352
Suppl 1: SI3–7.

3. Lloyd-Jones D, Adams R, Carnethon M, De Simone G, Ferguson TB, et al. (2009) Heart disease and
stroke statistics—2009 update: a report from the American Heart Association Statistics Committee and
Stroke Statistics Subcommittee. Circulation 119: 480–486.

Role of Treg in Cardiac Ischemia

PLOS ONE | DOI:10.1371/journal.pone.0113653 December 1, 2014 22 / 24



4. Jugdutt BI (2003) Ventricular remodeling after infarction and the extracellular collagen matrix: when is
enough enough? Circulation 108: 1395–1403.

5. Mann DL (1999) Mechanisms and models in heart failure: A combinatorial approach. Circulation 100:
999–1008.

6. Sutton MG, Sharpe N (2000) Left ventricular remodeling after myocardial infarction: pathophysiology
and therapy. Circulation 101: 2981–2988.

7. Nian M, Lee P, Khaper N, Liu P (2004) Inflammatory cytokines and postmyocardial infarction
remodeling. Circ Res 94: 1543–1553.

8. Sun Y, Kiani MF, Postlethwaite AE, Weber KT (2002) Infarct scar as living tissue. Basic Res Cardiol
97: 343–347.

9. Frangogiannis NG (2006) The mechanistic basis of infarct healing. Antioxid Redox Signal 8: 1907–
1939.

10. Gershon RK (1975) A disquisition on suppressor T cells. Transplant Rev 26: 170–185.

11. Gershon RK, Cohen P, Hencin R, Liebhaber SA (1972) Suppressor T cells. J Immunol 108: 586–590.

12. Sakaguchi S (2004) Naturally arising CD4+ regulatory t cells for immunologic self-tolerance and
negative control of immune responses. Annu Rev Immunol 22: 531–562.

13. Mor A, Planer D, Luboshits G, Afek A, Metzger S, et al. (2007) Role of naturally occurring CD4+
CD25+ regulatory T cells in experimental atherosclerosis. Arterioscler Thromb Vasc Biol 27: 893–900.

14. Mor A, Luboshits G, Planer D, Keren G, George J (2006) Altered status of CD4(+)CD25(+) regulatory
T cells in patients with acute coronary syndromes. Eur Heart J 27: 2530–2537.

15. Dobaczewski M, Xia Y, Bujak M, Gonzalez-Quesada C, Frangogiannis NG (2010) CCR5 signaling
suppresses inflammation and reduces adverse remodeling of the infarcted heart, mediating recruitment
of regulatory T cells. Am J Pathol 176: 2177–2187.

16. Tang TT, Yuan J, Zhu ZF, Zhang WC, Xiao H, et al. (2012) Regulatory T cells ameliorate cardiac
remodeling after myocardial infarction. Basic Res Cardiol 107: 1–17.

17. Ulrich Hofmann NB, Weirather J, Podolskkaya A, Bauersachs J, Ertl G, et al. (2012) Activation of
CD4+ T-Lymphocytes Improves Wound Healing and Survival after Experimental Myocardial Infarction in
Mice. Circulation.

18. Sharir R, Semo J, Shaish A, Landa-Rouben N, Entin-Meer M, et al. (2014) Regulatory T cells
influence blood flow recovery in experimental hindlimb ischaemia in an IL-10-dependent manner.
Cardiovasc Res. doi: 10.1093/cvr/cvu159

19. Moreau JL, Nabholz M, Diamantstein T, Malek T, Shevach E, et al. (1987) Monoclonal antibodies
identify three epitope clusters on the mouse p55 subunit of the interleukin 2 receptor: relationship to the
interleukin 2-binding site. Eur J Immunol 17: 929–935.

20. Gao XM, Dart AM, Dewar E, Jennings G, Du XJ (2000) Serial echocardiographic assessment of left
ventricular dimensions and function after myocardial infarction in mice. Cardiovasc Res 45: 330–338.

21. Patten RD, Aronovitz MJ, Deras-Mejia L, Pandian NG, Hanak GG, et al. (1998) Ventricular
remodeling in a mouse model of myocardial infarction. Am J Physiol 274: H1812–1820.

22. Abbate A, Bussani R, Liuzzo G, Biondi-Zoccai GG, Barresi E, et al. (2008) Sudden coronary death,
fatal acute myocardial infarction and widespread coronary and myocardial inflammation. Heart 94: 737–
742.

23. Betts RJ, Ho AW, Kemeny DM (2011) Partial depletion of natural CD4(+)CD25(+) regulatory Tcells with
anti-CD25 antibody does not alter the course of acute influenza A virus infection. PLoS One 6: e27849.

24. Setiady YY, Coccia JA, Park PU (2010) In vivo depletion of CD4+FOXP3+ Treg cells by the PC61 anti-
CD25 monoclonal antibody is mediated by FcgammaRIII+ phagocytes. Eur J Immunol 40: 780–786.

25. Kohm AP, McMahon JS, Podojil JR, Begolka WS, DeGutes M, et al. (2006) Cutting Edge: Anti-CD25
monoclonal antibody injection results in the functional inactivation, not depletion, of CD4+CD25+ T
regulatory cells. J Immunol 176: 3301–3305.

26. Petzold C, Riewaldt J, Watts D, Sparwasser T, Schallenberg S, et al. (2013) Foxp3(+) regulatory T
cells in mouse models of type 1 diabetes. J Diabetes Res 2013: 940710.

Role of Treg in Cardiac Ischemia

PLOS ONE | DOI:10.1371/journal.pone.0113653 December 1, 2014 23 / 24



27. Zouggari Y, Ait-Oufella H, Waeckel L, Vilar J, Loinard C, et al. (2009) Regulatory T cells modulate
postischemic neovascularization. Circulation 120: 1415–1425.

28. Maloy KJ, Salaun L, Cahill R, Dougan G, Saunders NJ, et al. (2003) CD4+CD25+ T(R) cells suppress
innate immune pathology through cytokine-dependent mechanisms. J Exp Med 197: 111–119.

29. O’Garra A, Vieira PL, Vieira P, Goldfeld AE (2004) IL-10-producing and naturally occurring CD4+
Tregs: limiting collateral damage. J Clin Invest 114: 1372–1378.

30. Sarangi PP, Sehrawat S, Suvas S, Rouse BT (2008) IL-10 and natural regulatory T cells: two
independent anti-inflammatory mechanisms in herpes simplex virus-induced ocular immunopathology.
J Immunol 180: 6297–6306.

31. Sharir R, Semo J, Shaish A, Landa-Rouben N, Entin-Meer M, et al. (2014) Regulatory T cells
influence blood flow recovery in experimental hindlimb ischaemia in an IL-10-dependent manner.
Cardiovasc Res 103: 585–596.

32. Frangogiannis NG (2012) Regulation of the inflammatory response in cardiac repair. Circ Res 110:
159–173.

33. Cheng X, Yu X, Ding YJ, Fu QQ, Xie JJ, et al. (2008) The Th17/Treg imbalance in patients with acute
coronary syndrome. Clin Immunol 127: 89–97.

34. de Boer OJ, van der Meer JJ, Teeling P, van der Loos CM, van der Wal AC (2007) Low numbers of
FOXP3 positive regulatory T cells are present in all developmental stages of human atherosclerotic
lesions. PLoS One 2: e779.

35. Han SF, Liu P, Zhang W, Bu L, Shen M, et al. (2007) The opposite-direction modulation of CD4+CD25+
Tregs and T helper 1 cells in acute coronary syndromes. Clin Immunol 124: 90–97.

36. Matsumoto K, Ogawa M, Suzuki J, Hirata Y, Nagai R, et al. (2011) Regulatory T lymphocytes
attenuate myocardial infarction-induced ventricular remodeling in mice. Int Heart J 52: 382–387.

37. Tang Q, Henriksen KJ, Bi M, Finger EB, Szot G, et al. (2004) In vitro-expanded antigen-specific
regulatory T cells suppress autoimmune diabetes. J Exp Med 199: 1455–1465.

38. Alyanakian MA, You S, Damotte D, Gouarin C, Esling A, et al. (2003) Diversity of regulatory CD4+T
cells controlling distinct organ-specific autoimmune diseases. Proc Natl Acad Sci U S A 100: 15806–
15811.

39. McGeachy MJ, Stephens LA, Anderton SM (2005) Natural recovery and protection from autoimmune
encephalomyelitis: contribution of CD4+CD25+ regulatory cells within the central nervous system.
J Immunol 175: 3025–3032.

40. Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, et al. (2006) Foxp3+ CD25+ CD4+ natural
regulatory T cells in dominant self-tolerance and autoimmune disease. Immunol Rev 212: 8–27.

41. Liesz A, Suri-Payer E, Veltkamp C, Doerr H, Sommer C, et al. (2009) Regulatory T cells are key
cerebroprotective immunomodulators in acute experimental stroke. Nat Med 15: 192–199.

42. Kinsey GR, Huang L, Vergis AL, Li L, Okusa MD (2010) Regulatory T cells contribute to the protective
effect of ischemic preconditioning in the kidney. Kidney Int 77: 771–780.

43. Kinsey GR, Sharma R, Huang L, Li L, Vergis AL, et al. (2009) Regulatory T cells suppress innate
immunity in kidney ischemia-reperfusion injury. J Am Soc Nephrol 20: 1744–1753.

44. Liu M, Chien CC, Grigoryev DN, Gandolfo MT, Colvin RB, et al. (2009) Effect of T cells on vascular
permeability in early ischemic acute kidney injury in mice. Microvasc Res 77: 340–347.

45. Maisel A, Cesario D, Baird S, Rehman J, Haghighi P, et al. (1998) Experimental autoimmune
myocarditis produced by adoptive transfer of splenocytes after myocardial infarction. Circ Res 82: 458–
463.

Role of Treg in Cardiac Ischemia

PLOS ONE | DOI:10.1371/journal.pone.0113653 December 1, 2014 24 / 24


	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	TABLE_1
	TABLE_2
	Figure 6
	Figure 7
	Figure 8
	TABLE_3
	TABLE_4
	Figure 9
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45

