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BACKGROUND: Regulatory T cells (Tregs), traditionally recognized as potent 
suppressors of immune response, are increasingly attracting attention 
because of a second major function: residing in parenchymal tissues and 
maintaining local homeostasis. However, the existence, unique phenotype, 
and function of so-called tissue Tregs in the heart remain unclear.

METHODS: In mouse models of myocardial infarction (MI), myocardial 
ischemia/reperfusion injury, or cardiac cryoinjury, the dynamic accumulation 
of Tregs in the injured myocardium was monitored. The bulk RNA sequencing 
was performed to analyze the transcriptomic characteristics of Tregs from the 
injured myocardium after MI or ischemia/reperfusion injury. Photoconversion, 
parabiosis, single-cell T-cell receptor sequencing, and adoptive transfer were 
applied to determine the source of heart Tregs. The involvement of the 
interleukin-33/suppression of tumorigenicity 2 axis and Sparc (secreted acidic 
cysteine-rich glycoprotein), a molecule upregulated in heart Tregs, was further 
evaluated in functional assays.

RESULTS: We showed that Tregs were highly enriched in the myocardium 
of MI, ischemia/reperfusion injury, and cryoinjury mice. Transcriptomic 
data revealed that Tregs isolated from the injured hearts had plenty of 
differentially expressed transcripts in comparison with their lymphoid 
counterparts, including heart-draining lymphoid nodes, with a phenotype 
of promoting infarct repair, indicating a unique characteristic. The heart 
Tregs were accumulated mainly because of recruitment from the circulating 
Treg pool, whereas local proliferation also contributed to their expansion. 
Moreover, a remarkable case of repeatedly detected T-cell receptor of 
heart Tregs, more than that of spleen Tregs, suggests a model of clonal 
expansion. Besides, HelioshighNrp-1high phenotype proved the mainly thymic 
origin of heart Tregs, with a small contribution of phenotypic conversion 
of conventional CD4+ T cells, proved by the analysis of T-cell receptor 
repertoires and conventional CD4+ T cells adoptive transfer experiments. 
The interleukin-33/suppression of tumorigenicity 2 axis was essential for 
sustaining heart Treg populations. Last, we demonstrated that Sparc, which 
was highly expressed by heart Tregs, acted as a critical factor to protect the 
heart against MI by increasing collagen content and boosting maturation in 
the infarct zone.

CONCLUSIONS: We identified and characterized a phenotypically and 
functionally unique population of heart Tregs that may lay the foundation to 
harness Tregs for cardioprotection in MI and other cardiac diseases.
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Regulatory T cells (Tregs), especially the subset of 
CD4+Foxp3+ Tregs, are critical in maintaining im-
mune homeostasis and regulating inflammatory 

disease progressions.1 Tregs can modulate the activation 
and function of a variety of immunocytes, including in-
nate and adaptive immune system players.2 In addition 
to their immunoregulatory function, existing evidence 
shows that Tregs have extraimmunologic roles, for ex-
ample, promoting effective tissue repair in peripheral tis-
sues.3 The initial research on tissue-resident Tregs came 
from the Mathis team that described the characteris-
tics of visceral adipose tissue Tregs and injured muscle 
Tregs.4–6 Visceral adipose tissue Tregs highly express 
peroxisome proliferator–activated receptor-gamma and 
enhance glucose metabolism in adipocytes, which miti-
gates insulin resistance.4,5 However, injured muscle Tregs 
express Areg (amphiregulin), targeting the muscle sat-
ellite cells and maintaining tissue integrity.6 Since then, 
Tregs with unique phenotypes and functions have been 
reported in the pancreas,7 skin,8 brain,9 and lung.10 Tregs 
in the hearts, especially undergoing myocardial infarc-
tion (MI), however, remain largely undefined.

MI is one of the most common cardiovascular dis-
eases, with ventricular rupture and heart failure as its 

major causes of death. Therefore, preventing cardiac 
rupture and controlling ventricular remodeling in the 
early and late stages, respectively, can effectively im-
prove clinical outcomes.11 A variety of immune compo-
nents, including Tregs, are involved in the repair after 
MI.12–14 Elimination and expansion experiments con-
firmed that Tregs play a protective role in MI by alleviat-
ing local inflammation, protecting cardiomyocytes from 
apoptosis, and modulating macrophage differentiation 
and myofibroblast activation.12–14 However, these find-
ings leave open the question: What is the characteristic 
of Tregs themselves in MI hearts? Specifically, whether 
Tregs have local adaption with unique phenotype, how 
the populations accumulate in MI hearts and what fac-
tors drive their accumulation are largely unknown. It 
is most important to note that whether they were en-
dowed with unique functions in hearts such as directly 
targeting the cardiac repair process independent of im-
mune regulation remains to be fully elucidated.

In the present study, we set up to investigate the 
characteristic of Tregs accumulated in MI hearts through 
multiple transcriptional and functional assays. The re-
sults revealed a unique population of tissue-related 
Tregs in the hearts after MI, characterized their distinct 
phenotypes, sources, and sustaining factors, and sup-
port the emerging role of Tregs in cardiac repair. Our 
study therefore provided insight into developing new 
therapy for the clinical treatment of MI by using Tregs.

METHODS
On reasonable request, the data that support the findings 
of this study are available from the corresponding author. 
Extended methods are provided in the Data Supplement.

Animals
All mice used in our study were housed under specific 
pathogen-free conditions. All animal studies were conducted 
according to the criteria outlined in the “Guide for the Care 
and Use of Laboratory Animals” prepared by the National 
Academy of Sciences and published by the National Institutes 
of Health (NIH publication 86-23 revised 1985) and approved 
by the Animal Care and Utilization Committee of Huazhong 
University of Science and Technology, China. The procedures 
followed were in accordance with institutional guidelines.

Reverse Transcription Polymerase Chain 
Reaction
Total RNA was extracted using TRIzol reagent, and mRNA lev-
els were quantified by reverse transcription polymerase chain 
reaction (RT-PCR). The primers used for RT-PCR are listed in 
Table I in the Data Supplement.

Statistical Analysis
Data are presented as the mean±SEM. The Kolmogorov-
Smirnov test with Lilliefors correction was first used to 

Clinical Perspective

What Is New?
•	 We demonstrate that regulatory T cells (Tregs) that 

accumulate in the injured myocardium after myo-
cardial infarction (MI) or myocardial ischemia/reper-
fusion injury have a distinct transcriptome, which 
differs from lymphoid organ Tregs and other non-
lymphoid tissue Tregs, representing a novel popula-
tion of tissue Tregs.

•	 Heart Tregs, which are mainly thymus-derived 
Tregs recruited from circulation, show active 
local proliferation, with the interleukin-33/sup-
pression of tumorigenicity 2 axis promoting their 
expansion.

•	 With the phenotype of promoting tissue repair, 
heart Tregs overexpressing Sparc (secreted acidic 
cysteine-rich glycoprotein) contribute to elevated 
collagen content and enhanced maturation in 
infarct scars to prevent cardiac rupture and improve 
survival after MI.

What Are the Clinical Implications?
•	 This study revealed a special population of tissue 

Tregs with a unique phenotype and prorepair func-
tion in the MI-injured hearts, providing a novel tar-
get for the clinical treatment of MI.

•	 These findings may stimulate further study of Tregs 
as a cell-based therapy, such as induction of heart 
Tregs in MI and other cardiac diseases.
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determine data normality, and the F test was used to deter-
mine equal variance. If the data passed the evaluation of 
normality and similar variances, statistical significance was 
determined by 1- or 2-way ANOVA with Tukey post hoc 
multiple comparisons tests to analyze differences among ≥3 
groups, or by unpaired Student t test to analyze the differ-
ences between 2 groups. The nonparametric tests, such as 
Kruskal-Wallis test, Scheirer-Ray-Hare test, or Mann-Whitney 
U test were used when the data displayed abnormal distribu-
tion, and these data were presented in the form of box-and-
whisker plots to show the median and ranges. Survival curves 
were obtained by the Kaplan-Meier method and compared 
by the log-rank test. In all cases, a 2-tailed P value of <0.05 
was considered statistically significant. Statistical analysis was 
performed using GraphPad Prism 8.0.

RESULTS
Tregs Are Accumulated in the Injured 
Myocardium
To monitor the infiltration of heart Tregs at various 
times after MI, the dynamic analysis was performed by 
flow cytometry. The gating strategy of Tregs in hearts is 
shown in Figure 1A. Tregs in the sham-operated hearts, 
spleens, or peripheral blood were evaluated separately. 
Tregs in myocardium had a tendency to increase at day 
1 post-MI, reached the highest value at day 7, and still 
maintained increased values at day 14 (Figure IA in the 
Data Supplement). The number of heart CD4+ T cells 
and heart conventional T cells (Tconvs) both peaked at 
day 7 after MI, parallel to heart Tregs (Figure IB and 
IC in the Data Supplement). The frequency of heart 
Tregs within the CD4+ T cells gradually increased 7 days 
after MI, and maintained values until at least 28 days 
(Figure 1B). In contrast, the proportion of Tregs in the 
spleen and blood showed little variability over the time 
course (Figure 1B).

A similar accumulation of Tregs was also observed in 
hearts after myocardial ischemia/reperfusion injury (I/R 
injury). Tregs infiltrated into injured hearts within 1 day 
post-I/R injury, then peaked at day 3 and remained el-
evated until 7 days (Figure ID in the Data Supplement). 
The frequency of heart Tregs also reached a peak at 
day 3 after I/R injury, which was higher than that in 
blood and spleens (Figure 1C). In addition, the number 
of Tregs was also found increased in cryoinjured hearts. 
Tregs accumulated in the cryoinjured myocardium 1 day 
after injury and peaked at day 5 (Figure 1D). Taken to-
gether, these results indicate a possible role of heart 
Tregs after cardiac injury.

Transcriptome of Heart Tregs Has Unique 
Characteristics
To identify the transcriptional phenotype of heart Tregs, 
Tregs and Tconvs were isolated from hearts, spleens, 

and nondraining lymph nodes (NDLNs) 7 days after MI 
to perform RNA sequencing. Volcano plots revealed 
that the transcriptome of heart Tregs apparently dif-
fered from spleen or NDLN Tregs, whereas the latter 
2 shared more similarities (Figure 2A). The differences 
between Tregs in hearts and lymphoid organs can-
not be simply explained by different activation states 
in nonlymphoid tissue, because Treg activation signa-
ture6,15 only accounted for a very small fraction of the 
distinguishing transcripts (Figure  2B and Figure IIA in 
the Data Supplement). Although heart Tregs exhibited 
a distinct transcriptome, they were clearly Tregs based 
on the expression of 79% of the canonical Treg signa-
ture,5,6 including elevated expression of hallmark tran-
scripts Foxp3, CD25, CTLA-4, and Klrg1 (Figure 2C).

Some upregulated differentially expressed genes 
in skin8 and muscle16 Tregs were also augmented in 
heart Tregs (Figure IIB in the Data Supplement). How-
ever, principal components analysis and transcrip-
tomic analysis suggested transcriptional differences 
among these 3 tissue Tregs and between tissue Tregs 
and lymphoid organ Tregs8,16 (Figure  2D and Figure 
IIB in the Data Supplement). Then we analyzed those 
upregulated differentially expressed genes in heart 
Tregs. The first group included Ctla4, Areg, and Il1rl1, 
which were also upregulated in muscle Tregs and skin 
Tregs. The second group was numerous cytokines, 
cytokine receptors, chemokines, and chemokine re-
ceptor–related genes (eg, Il10, Il4ra, Ifngr1, Irf1, Tnf, 
Tnfrsf9, Ccr2, Ccr7, Ccr8, Ccrl2, and Cxcl10). It is no-
table that a group of extracellular matrix organiza-
tion– or collagen synthesis–related genes (eg, Sparc, 
Dcn, Bgn, Mgp, Serpinh1, Postn, Col1a1, Col3a1, and 
Fn1) were strikingly upregulated in heart Tregs (Fig-
ure 2E). Gene set enrichment analysis demonstrated 
that genes upregulated in heart Tregs displayed en-
richment for Gene Ontology biological process terms 
involved in extracellular structure organization, extra-
cellular matrix organization, collagen metabolic pro-
cess, collagen biosynthetic process, wound healing, 
and regulation of smooth muscle cell proliferation, 
which were related to tissue repair (Figure 2F, Tables II 
and III in the Data Supplement).

To address whether the altered genetic signatures in 
heart Tregs are attributable to in situ microenvironment 
of cardiac injury, we compared the transcriptome of 
heart Tregs with heart-draining mediastinal lymph node 
(MLN) Tregs 7 days after MI. Volcano plots and principal 
components analysis revealed that the transcriptome 
of heart Tregs also apparently differed from MLN Tregs 
(Figure IIC in the Data Supplement and Figure 2D). The 
upregulated genes of heart Tregs and Gene Ontology 
biological process terms of heart Tregs mentioned ear-
lier also significantly upregulated in heart Tregs in com-
parison with MLN Tregs (Figure 2E, Figure IIB and IID in 
the Data Supplement).
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To identify the transcriptional characteristics of heart 
Tregs in I/R injury, Tregs were isolated from hearts, 
spleens, and MLNs 3 days after I/R injury to perform RNA 
sequencing. Principal components analysis and volcano 
plots showed that the transcriptome of heart Tregs sig-
nificantly differed from spleen or MLN Tregs (Figure 2D, 
Figure IIE and IIG in the Data Supplement). Gene set en-
richment analysis showed that genes involved in extra-
cellular matrix organization and extracellular structure 
organization, which are related to tissue repair, were sig-
nificantly upregulated in heart Tregs in comparison with 
spleen or MLN Tregs (Figure IIF and IIH in the Data Sup-
plement).Through principal components analysis and 
transcriptomic analysis, we found that heart Tregs from 
2 models shared very similar transcriptome (Figure 2D 
and Figure IIB in the Data Supplement). In summary, our 
data suggest heart Tregs are a novel population of tissue 
Tregs, potentially involved in cardiac repair.

Heart Tregs Are Mainly Derived From the 
Circulating Compartment After MI
To identify the sources of heart Tregs after MI, we first 
asked whether the circulating Treg pool contributed 

to the accumulation of heart Tregs. Mice were treated 
with FTY720, an S1P1 receptor agonist that retains 
lymphocytes in secondary lymphoid tissue.17 Under the 
treatment with FTY720, both the numbers and propor-
tions of Tregs recruited to ischemic hearts markedly 
dropped on day 3 and day 7 after MI, whereas the 
number of CD4+T cells infiltrating into infarcted hearts 
also showed a significant decrease (Figure 3A). These 
results indicate that the accumulation of heart Tregs af-
ter MI may depend on the circulating Treg pool.

Therefore, a series of experiments were conducted 
to evaluate the ability of Tregs to infiltrate into the in-
farcted myocardium from circulation after MI. First, the 
kikGR/B6-ROSA transgenic mice were used to track 
the migration of Tregs and Tconvs. We exposed cervi-
cal lymph nodes of kikGR mice to violet light 3 days 
after MI, and tracked the Kikume-red+ Tregs and Tcon-
vs from the cervical lymph nodes to the axillary lymph 
nodes, MLNs, and hearts 4 days after photoconversion 
(Figure 3B). Kikume-red+ Tregs and Tconvs emigrated 
from the cervical lymph nodes in mice, and the fre-
quency of photo-converted cells within the Tregs or 
Tconvs were measured in the hearts, MLNs, and axil-
lary lymph nodes (Figure 3C and 3D and Figure IIIA in 

Figure 1. Treg accumulation in the injured myocardium.
A, Gating strategy for Foxp3+ Tregs in the hearts. B, The proportions of Tregs in the hearts, spleens, and peripheral blood at day 1, day 3, day 7, day 14, and day 
28 after MI or sham operation. n=5 per group. C, The proportions of Tregs in the hearts, spleens, and peripheral blood at day 1, day 3, day 5, and day 7 after I/R 
injury or sham operation. n=5 per group. D, The numbers of Tregs in the hearts at day 1, day 3, day 5, day 7, and day 14 after cryoinjury or sham operation. n= 
5per group. Statistical comparisons: 2-way ANOVA and the Tukey post hoc test were performed in B through D. **P<0.01 vs sham-operated hearts at each time 
point. ##P<0.01 vs 1 day post-MI hearts in B, 1 day post-I/R injury hearts in C, or 1 day postcryoinjury hearts in D. ††P<0.01 vs spleens at each time point in B 
and C. §§P<0.01 vs peripheral blood at each time point in B and C. CD indicates cluster of differentiation; FVD, fixable viability dye; I/R injury, myocardial ischemia/ 
reperfusion injury; MI, myocardial infarction; SSC, side scatter; and Tregs, regulatory T cells. 

D
ow

nloaded from
 http://ahajournals.org by on M

arch 6, 2022



Xia et al� A Unique Population of Heart Tregs Post-MI

November 17, 2020� Circulation. 2020;142:1956–1973. DOI: 10.1161/CIRCULATIONAHA.120.0467891960

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

Figure 2. Distinct transcriptome of heart Tregs.
A, Tregs were sorted from the hearts, spleens, and NDLNs of Foxp3GFP mice 7 days after MI. Volcano plots represent gene expression comparing heart Tregs vs 
spleen Tregs (Left), heart Tregs vs NDLN Tregs (Center), and NDLN Tregs vs spleen Tregs (Right). The numbers in the graph reveal the number of differentially 
expressed genes that differentially expressed >2-fold and with adjust P value (padj) <0.05. Upregulated and downregulated differentially expressed genes are 
highlighted in red or blue, respectively. Averaged from 3 experiments. B, Volcano plots represent gene expression comparing heart Tregs vs spleen Tregs 7 days 
after MI, and differentially expressed genes related to the Treg activation signature are highlighted in red. (Continued )
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the Data Supplement). When the fractions of Kikume-
red+ cells in hearts and MLNs were normalized to that 
in axillary lymph nodes to calculate a migration ratio, 
Tregs manifested more effective migration to ischemic 
hearts than Tconvs, whereas no significant difference 
in migration between Tregs and Tconvs was observed 
in MLNs (Figure 3E).

Next, for detailed analysis of the contribution of 
the circulating Treg pool to heart Tregs, we performed 
a parabiosis experiment. We conjoined CD45.1 and 
CD45.2 mice for 2 weeks to establish a shared circula-
tion.18 Then, coronary ligation was performed on the 
CD45.1 parabiont, and the chimerism of Tregs was ex-
amined 7 days post-MI (Figure 3F and 3G). Chimerism 
of the heart Tregs was comparable to the admixture 
of the blood Tregs (Figure 3H, Left). Based on these 
data, we estimated that the recruitment of Tregs from 
the circulation accounted for nearly 95% of the Tregs 
within the infarcted hearts (Figure 3H, Right, and Fig-
ure IIIB in the Data Supplement). Our results collec-
tively suggest that the accumulation of Tregs in the 
post-MI hearts mainly depends on recruitment from 
the circulating Treg pool.

Heart Tregs Are Clonally Expanded 
That Display a Unique T-Cell Receptor 
Repertoire
In addition to influx from the circulation, proliferation 
may contribute to the rapid accumulation of heart Tregs 
after MI. To address this possibility, we stained Tregs with 
Ki67. We found that ≈75% of heart Tregs 7 days after 
MI were Ki67-positive, much higher than those in spleen 
or NDLN Tregs (Figure 4A). In addition, we performed 
a proliferation assay by using 5-ethynyl-2′-deoxyuridine 
(EdU) incorporation. We detected ≈25% EdU+ cells 
among heart Tregs, but a lower fraction within spleen or 
NDLN Tregs (Figure 4B). The fractions of Ki67+ and EdU+ 
cells within heart Tconvs were also increased in com-
parison with lymphoid organ Tconvs, but lower than 
those in heart Tregs (Figure 4A and 4B). These findings 
indicate a higher proliferation rate of heart Tregs than 
Tconvs and lymphoid organ Tregs post-MI.

To identify the clonality of the Tregs expanding in 
hearts post-MI, we applied paired single-cell RNA and 

T-cell receptor (TCR) sequencing of CD4+ T cells from 
7-day post-MI hearts and paired spleens to study their 
TCR repertoires. Unsupervised clustering was performed 
by Seurat,19,20 and the t-distributed stochastic neighbor-
embedding approach21 was used to visualize clustering 
maps of heart and spleen CD4+ T cells (Figure 4C and 
4D). The clusters of heart Tregs and spleen Tregs were 
identified by expression of Foxp3 (Figure  4C and 4D, 
Figure IVA and IVB in the Data Supplement). The char-
acteristics of clonal restriction in heart Tregs were inves-
tigated by analyzing the TCR repertoires. A considerable 
fraction of heart Tregs was clonally expanded (Figure 4E, 
Left, and Figure IVC in the Data Supplement). In con-
trast, the spleen Tregs showed a much lower frequency 
of clonal expansion (Figure 4E, Right), and there were 
just a few TCR sequences shared between spleen Tregs 
and heart Tregs (Figure 4F). These results prove a unique 
TCR repertoire of heart Tregs and their local clonal ex-
pansion in the infarcted hearts after MI.

Conversion of Tconvs Makes a Small 
Contribution to Heart Treg Pool
Previous studies have shown that thymus-derived Tregs 
made up the majority of Tregs in secondary lymphoid 
organs. Some Tconvs can gain stable Foxp3 expression 
in the peripheral sites and can be converted to periph-
eral Tregs (pTregs).22,23

First, we examined the expression of Helios and Nrp-
1 (neuropilin 1) on heart Tregs 7 days post-MI, because 
these markers are considered to distinguish between 
thymus-derived Tregs and pTregs.23,24 Most heart Tregs 
showed a thymic origin with the HelioshiNrp-1hi pheno-
type, similar to spleen or NDLN Tregs, indicating that 
the heart Tregs were mainly thymus derived (Figure 5A).

To directly identify whether Tconvs can be converted 
to heart Tregs post-MI, CD45.2+ Tconvs were isolated 
and adoptively transferred into CD45.1 mice soon after 
MI. Donor-derived Tconvs (CD45.2+CD4+Foxp3–) could 
be detected in organs 2 weeks after Tconvs adop-
tive transfer (Figure VA in the Data Supplement). It is 
surprising that a small population of donor-derived 
pTregs (CD45.2+CD4+Foxp3+) was detected not only in 
the lymphoid organs, but also in the infarcted hearts. 
Moreover, donor-derived pTregs showed an even higher 

Figure 2 Continued. The numbers in the graph reveal the number of Treg activation signature genes differentially expressed in the set. Averaged from 3 experi-
ments. C, Volcano plots represent gene expression comparing spleen Tregs vs Tconvs (Left) and heart Tregs vs Tconvs (Right) 7 days post-MI. Upregulated and 
downregulated Treg signature genes are highlighted in red or blue, respectively. The numbers in the graph represent the number of differentially expressed Treg 
signature genes. Averaged from 3 experiments. D, Principal components analysis of the transcriptome analysis of nonlymphoid tissue Tregs from the post-MI 
hearts, post-I/R injury hearts, muscles, skins, and lymphoid organ Tregs from the spleens, NDLNs and heart-draining MLNs after MI. The published RNA-sequencing 
data for muscle Tregs and skin Tregs were obtained from the Gene Expression Omnibus database (muscle Tregs, GSE76733; skin Tregs, GSE76138). Each plot 
represents 1 sort of pooled Tregs from mice as indicated in the graph. The distance of the dots indicates the similarity of the transcriptome: the greater the differ-
ence between the transcriptomes of Tregs, the greater the distance between the dots. E, Heat map of a selected list of differentially expressed transcripts among 
heart, heart-draining MLN, spleen, and NDLN Tregs. Averaged from 3 experiments. F, GSEA revealing Gene Ontology enrichment of the biological process category 
in the heart Tregs vs spleen Tregs 7 days after MI. The top 15 pathways are presented and ranked by the NES. Sets are listed only if padj <0.05. Averaged from 3 
experiments. GSEA indicates gene set enrichment analysis; I/R, myocardial ischemia/reperfusion; MI, myocardial infarction; MLN, mediastinal lymph node; NDLN, 
nondraining lymph node; NES, normalized enrichment score; PC, principal component; Tconvs, conventional T cells; and Tregs, regulatory T cells. 
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Figure 3. Heart Tregs depend on the circulating pool.
A, FTY720 or vehicle was administrated 1 day before MI and every day after operation. The numbers or fractions of heart CD4+ T cells and Foxp3+ Tregs were 
measured by using flow cytometry 3 or 7 days after MI. n=5 per group. B, Diagram of the experimental protocol. The kikGR mice were subjected to MI. After 3 
days, the CLNs were exposed to violet light noninvasively. Tregs or Tconvs from the indicated tissues were examined by flow cytometry to track Kikume-red+ photo-
converted (PhC) cells 4 days later. C, Representative flow cytometry analysis of Kikume-red+ PhC Tregs (Top) and Tconvs (Bottom) in the CLNs, hearts, MLNs, and 
ALNs. Numbers indicate the proportion of cells in the frame. D, Exodus from the PhC CLN pool. (Continued )
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frequency in the infarcted hearts than in the spleens 
and NDLNs (Figure 5B).

Finally, we analyzed the TCR repertoires of heart 
Tconvs after MI. When comparing the TCR repertoires 
of heart Tregs and heart Tconvs, identical TCR clono-
types were found, indicating a probable contribution of 
the conversion of Tconvs to the heart Tregs (Figure 5C 
and Figure VB in the Data Supplement).

Interleukin-33/ST2 Axis Governs 
Accumulation and Expansion of Heart 
Tregs
Next, we set up to determine the mechanism of heart 
Treg accumulation after MI. We noticed that Il1r1l, 
which encodes ST2 (suppression of tumorigenicity 2), 
the receptor of interleukin-33 (IL-33), was strongly up-
regulated in heart Tregs, and the increased transcript 
level was further confirmed by RT-PCR (Figures 2E and 
6A and 6B). Considering that IL-33 is related to Treg 
homeostasis in parenchymal tissues,16,25,26 we hypoth-
esized that heart Tregs might accumulate and expand 
in response to IL-33.

Flow cytometry was performed to measure ST2 
protein. The percentage of ST2+ Tregs within heart 
Tregs was much higher than spleen Tregs, and the 
fraction of ST2+ heart Tregs elevated at day 3 and sus-
tained until at least 28 days (Figure  6C and Figure 
VIA in the Data Supplement). Moreover, we found 
that both Il33 transcript and IL-33 protein levels were 
increased after MI, peaking at day 5 (Figure 6D and 
6E). To pinpoint the cellular source of IL-33 in the in-
farcted hearts, we sorted the CD45+ and CD45– cell 
fractions from the hearts 5 days post-MI and quanti-
fied their Il33 transcript levels, and found that IL-33 
was mainly expressed by CD45- cells (Figure VIB in 
the Data Supplement). Next, we sorted endothelial 
cells, cardiomyocytes, and cardiac fibroblasts from 
the post-MI hearts and quantified their Il33 transcript 
levels. Results showed that IL-33 was highly expressed 
in cardiac fibroblasts, and cardiomyocytes also ex-
pressed a small amount of IL-33, but endothelial cells 
hardly showed any expression (Figure  6F). Then im-
munofluorescence staining was used to confirm the 
cell source of IL-33, which indicated that the majority 
of IL-33–positive cells was Vimentin+ fibroblasts, ex-
cept in rare cases were α-actinin+ cardiomyocytes, but 
none of them were costained with CD31, suggesting 
that the main source was cardiac fibroblasts, which 

was consistent with a previous study27 (Figure 6G, Fig-
ure VIC and VID in the Data Supplement).

Then we performed a series of loss- and gain-of-func-
tion experiments to evaluate the function of the IL-33/
ST2 axis in the accumulation of heart Tregs after MI. The 
number of heart Tregs was markedly reduced in Il1rl1–/– 
mice in comparison with wild-type mice 7 days after MI, 
whereas there were no obvious changes in spleen Tregs 
(Figure 6H). In contrast, administration of recombinant IL-
33 induced an impressive expansion of heart Tregs 7 days 
post-MI, because the numbers and proportions of heart 
Tregs were markedly increased in IL-33–treated mice 
(Figure 6I and Figure VIE in the Data Supplement). IL-33 
administration also elevated the proportions of proliferat-
ing heart Tregs (Ki67+CD4+Foxp3+) and ST2-positive heart 
Tregs (ST2+CD4+Foxp3+; Figure VIF in the Data Supple-
ment). Besides, the spleen Tregs were also expanded and 
expressed ST2 and Ki67 more often under IL-33 treat-
ment relative to phosphate-buffered saline treatment 
(Figure 6I and Figure VIF in the Data Supplement). These 
observations suggest that the IL-33/ST2 axis induces the 
heart Treg expansion by promoting their proliferation.

Heart Tregs Overexpressing Sparc 
Ameliorate Survival and Protect Against 
Rupture After MI
Previous studies suggest a reparative role of Tregs in 
myocardial healing after MI.12–14 Tregs indeed perform 
anti-inflammatory activities after MI, whereas their tis-
sue-distinct capacity to directly influence pathological 
processes within the infarcted hearts has not been fully 
elucidated.

In an attempt to further delineate the mechanisms 
by which heart Tregs promote tissue repair after MI, we 
analyzed the transcriptome of heart Tregs and noticed 
that Sparc was among the highest differentially ex-
pressed genes  of heart Tregs (Figure 7A and Figure VIIA 
in the Data Supplement). Sparc (secreted acidic cysteine-
rich glycoprotein, also known as osteonectin), a colla-
gen-binding matricellular protein, plays a pivotal role in 
collagen assembly into the extracellular matrix and has 
been reported to play a crucial role in preserving ven-
tricular integrity after MI.28 The higher transcript level of 
Sparc in heart Tregs was further confirmed by RT-PCR 
(Figure 7B). Moreover, IL-33 treatment could induce up-
regulation of Sparc expression in heart Tregs (Figure 7C).

To functionally determine whether Sparc plays a 
role in heart Treg-mediated tissue repair post-MI, we 

Figure 3 Continued. E, The migration ratio is the percentage of Kikume-red+ cells in the hearts or MLNs normalized to those in the ALNs (general circulation). 
n=5 per group. F, Parabiosis experiments of CD45.1 and CD45.2 mice. CD45.1 and CD45.2 mice were conjoined for 2 weeks. Then the CD45.1 parabiont was 
subjected to MI. Chimerism was examined 7 days post-MI. G, Representative flow cytometry graphs of the chimerism of Tregs in the hearts (Top) and peripheral 
blood (Bottom). Numbers indicate the proportion of cells in the frame. H, Summary data for the quantification of chimerism for Tregs in the peripheral blood and 
hearts (Left). Relative contribution of recruited Tregs vs locally sourced Tregs to the total heart Treg population 7 days after MI (Right). n=5 per group. Statistical 
comparisons: 2-tailed unpaired t test was performed in A, D, and E. *P<0.05, **P<0.01. ALNs indicates axial lymph nodes; CD, cluster of differentiation; CLNs, 
cervical lymph nodes; LNs, lymph nodes; MI, myocardial infarction; MLNs, mediastinal lymph nodes; Tconvs, conventional T cells; and Tregs, regulatory T cells.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 6, 2022



Xia et al� A Unique Population of Heart Tregs Post-MI

November 17, 2020� Circulation. 2020;142:1956–1973. DOI: 10.1161/CIRCULATIONAHA.120.0467891964

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

Figure 4. Heart Tregs are clonally expanded.
A, Proportion of Tregs and Tconvs in the cell cycle 7 days post-MI. Ki67 expression of Tregs and Tconvs in the hearts, spleens, and NDLNs was detected by flow 
cytometry 7 days after MI. Left, Representative flow cytometry graphs. Numbers indicate the proportion of cells in the frame. Right, Summary data. n=5 per 
group. B, Degree of Treg and Tconv proliferation 7 days post-MI. Mice were treated with EdU at day 6 post-MI, and then the proliferation of Tregs and Tconvs in 
the hearts, spleens, and NDLNs was detected by flow cytometry 7 days after MI. Left, Representative flow cytometry graphs. Numbers indicate the proportion of 
cells in the frame. Right, Summary data. n=5 per group. C, Single-cell RNA- and TCR-sequencing analysis of heart and (Continued )
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applied anti-CD25 antibody to deplete Tregs and ad-
ministered a replication-deficient adenovirus harboring 
mouse Sparc (Ad-Sparc) to overexpress Sparc globally. 
Control adenovirus (Ad-Ctrl) was used as control (Fig-
ure VIIB in the Data Supplement). In the anti-CD25–
treated groups, CD4+CD25+Foxp3+ Tregs presented a 
significantly reduced fraction in peripheral blood rela-
tive to the isotype control antibody immunoglobulin (Ig) 
G–treated group (Figure VIIC in the Data Supplement). 
Overexpression of Sparc in the infarcted hearts was 
identified 7 days and 14 days post-MI in the Ad-Sparc 
administration groups in comparison with Ad-Ctrl 
groups (Figure VIID in the Data Supplement). In com-
parison with Ad-Ctrl–treated Treg-ablated mice, the 
Ad-Sparc–treated Treg-ablated mice had significantly 
improved survival, attributing to fewer cardiac ruptures 
after MI (Figure 7D and 7E). In contrast, a difference in 
survival was not observed between Ad-Sparc–treated 
Treg-ablated mice and IgG+Ad-Ctrl–treated mice, indi-
cating a near-complete rescue by Ad-Sparc (Figure 7D 
and 7E). Echocardiography was performed 14 days 
post-MI in surviving mice, and there were no statisti-
cally significant differences among those treatment 
groups (Figure  7F). No improvement of cardiac func-
tion was found after Sparc overexpression, which could 
presumably be explained by better survival of mice with 
poor cardiac function in the Ad-Sparc–treated group 
than in the Ad-Ctrl–treated group.

We next focused on scar formation of the infarct 
zone. Although the scar size did not significantly differ 
among these treatments (Figure VIIIA and VIIIB in the 
Data Supplement), the infarct thickness was increased 
in Ad-Sparc–treated Treg-ablated mice in comparison 
with that in the Ad-Ctrl–treated Treg-ablated group, 
which was consistent with the result of lower cardiac 
ruptures because a thick scar was not prone to rup-
ture29 (Figure VIIIA and VIIIC in the Data Supplement). 
Because collagen is the most abundant structural com-
ponent of infarct scar tissue, the collagen content and 
maturation were analyzed after MI. First, Treg deple-
tion reduced the Sirius red–stained collagen content 
of the infarct zone, and collagen III, as well, but not 
collagen I expression, whereas Sparc overexpression 
reversed these effects (Figure VIIID in the Data Supple-
ment and Figure 8A through 8D). Because myofibro-
blast was the main producer of collagen in hearts af-
ter MI,30,31 we further assessed the α-smooth muscle 

actin expression, but found no difference among these 
groups (Figure 8B). Next, as for collagen maturation, 
Sirius red polarization microscopy revealed a predomi-
nance of thicker tightly packed (orange-red) collagen 
fibers within infarct scars in Ad-Sparc–treated Treg-ab-
lated mice or isotype control IgG-treated mice than in 
control Ad-Ctrl–treated Treg-ablated mice, indicating 
a remedy of collagen maturation by Sparc overexpres-
sion after Treg depletion (Figure 8E). Moreover, analysis 
of the collagen maturation by electron microscopy re-
vealed that Treg depletion resulted in loose, disturbed, 
and thinner collagen fibers in the infarct scars, whereas 
collagen fiber organization was tight and parallel, and 
the diameter of collagen fibers was larger after Sparc 
overexpression, which also indicated improved colla-
gen maturation (Figure 8F and Figure VIIIE in the Data 
Supplement).

To further validate that Sparc was one of the impor-
tant functional molecules in heart Tregs, we conducted 
in vitro experiments. Because tissue Tregs can hard-
ly survive in vitro as previously described,5 we sorted 
spleen Tregs and overexpressed Sparc by Sparc-over-
expressing lentivirus, and the overexpression was con-
firmed by RT-PCR (Figure VIIIF in the Data Supplement). 
We cocultured the cardiac fibroblasts with Tregs and 
found that cardiac fibroblasts that were cocultured with 
Sparc-overexpressing Tregs expressed a higher level of 
Col3a1 than cardiac fibroblasts that were cocultured 
with control Tregs or cultured alone (Figure 8G). In con-
trast, Col1a1 and ASMA did not show obvious differ-
ences (Figure 8G). Taken together, heart Tregs lead to 
increased collagen content and enhanced maturation 
in the infarct scars, and Sparc is critical in this process.

DISCUSSION
Emerging evidence has recently established that tissue 
Tregs have multiple functions beyond their initial im-
munosuppressive effect within a variety of tissues.3–10 
Here, we identified that Tregs accumulated in infarcted 
hearts, with a distinctive transcriptome, represented 
a unique population of tissue Tregs. Heart Tregs were 
mainly recruited from circulation, whereas local expan-
sion and conversion also contributed to the compart-
ment. The IL-33/ST2 axis was important for expanding 
heart Tregs. Moreover, we focused on their direct ability 
of wound repair as suggested by transcriptomic data 

Figure 4 Continued. spleen CD4+ T cells 7 days post-MI. Left, The t-SNE projection of 20 755 heart CD4+ T cells shows 10 main cell clusters, including 1 cluster of 
heart Tregs. Each dot represents a single cell and each cluster is colored with a different color. Right, Expression levels of Foxp3 across 20 755 single heart CD4+ T cells 
were shown in the graph. D, Left, The t-SNE projection of 23 471 spleen CD4+ T cells shows 14 main clusters, including 2 clusters of spleen Tregs. Each dot represents 
a single cell and each cluster is colored with a different color. Right, Expression levels of Foxp3 across 23 471 single spleen CD4+ T cells were shown in graph. E, TCRα 
and TCRβ sequences for heart Tregs (Left) and spleen Tregs (Right). Identical TCR clonotypes are presented in blue. Repeated TCR clonotypes are presented in green, 
and the width of each slice in the pie chart represents the fraction of a clonotype’s repeat. Numbers in the top right of the pie charts represent total proportion of the 
repeated clonotypes. F, Venn diagram shows the overlap of TCR clonotypes between heart Tregs and spleen Tregs. Statistical comparisons: 2-way ANOVA and Tukey 
post hoc test were performed in A and B. *P<0.05, **P<0.01. CD indicates cluster of differentiation; EdU, 5-ethynyl-2′-deoxyuridine; MI, myocardial infarction; NDLN, 
nondraining lymph node; Tconvs, conventional T cells; TCR, T-cell receptor; Tregs, regulatory T cells; and t-SNE, t-distributed stochastic neighbor embedding.
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Figure 5. A small contribution of the conversion of Tconvs to heart Tregs.
A, Left, Representative flow cytometry analysis of Helios (Top) or Nrp-1 (Bottom) expression of Tregs in the hearts, spleens, and NDLNs of mice 7 days after myo-
cardial infarction. Numbers indicate the proportion of cells in the gate. Right, Summary data for the proportion of Helios (Top) or Nrp-1 (Bottom) expression of 
Tregs in the hearts, spleens, and NDLNs. n =5 per group. B, Adoptive transfer experiments. Foxp3– Tconvs were sorted from the spleens of CD45.2+Foxp3GFP mice 
and transferred into CD45.1+ recipients soon after a myocardial infarction. Then Treg compartments were detected 2 weeks after adoptive transfer. Left, Represen-
tative flow cytometry analysis of donor-derived pTregs in the hearts, spleens, and NDLNs of mice adoptive transferred with donor Tconvs or phosphate-buffered 
saline as a control. Numbers indicate the proportion of cells in the gate. Right, Summary data for donor pTreg percentage. n=5 per group. C, Venn diagram 
shows the overlap of T-cell receptor clonotypes between heart Tconvs and heart Tregs. Statistical comparisons: 1-way ANOVA with the Tukey multiple comparison 
test was performed in A and B. ** P<0.01. CD, cluster of differentiation; NDLN, nondraining lymph node; Nrp-1, neuropilin-1; pTregs, peripheral Tregs; Tconvs, 
conventional T cells; and Tregs, regulatory T cells. 
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Figure 6. The IL-33/ST2 axis governs accumulation and expansion of heart Tregs.
A, FPKM of Il1rl1 transcripts as quantified by RNA sequencing. n=3 per group. B, Il1rl1 transcripts in isolated Tregs of hearts, MLNs, spleens, and NDLNs from Fox-
p3GFP mice 7 days after MI were quantified by RT-PCR. n=5 per group. C, Summary data for the fraction of ST2+ Tregs in the hearts and spleens at day 3, day 7, day 
14, and day 28 after MI. n=5 per group. D, Il33 transcripts in the infarcted myocardium were quantified by RT-PCR at day 0, day 1, day 3, day 5, day 7, and day 14 
after MI. n=5 per group. E, IL-33 protein levels in the infarcted myocardium were quantified by Western blotting at day 0, day 1, day 3, day 5, day 7, and day 14 
after MI. Top, Representative immunoblot. Bottom, summary data. n=5 per group. (Continued )
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and identified Sparc as a functional mediator of heart 
Tregs to promote repair.

Tregs That Accumulate in the 
Injured Myocardium Have a Distinct 
Transcriptome
Based on the unique transcriptomic characteristics, we 
identified a previously unrecognized tissue-Treg popula-
tion in hearts. The markedly altered transcripts in our 
transcriptome data, which first caught our attention, 
are genes encoding molecules related to Treg suppres-
sive capacity. Ctla-4 and Klrg-1 were upregulated on 
heart Tregs, supporting the notion that heart Tregs may 
be endowed with especially strong inhibitory activity in 
the inflammatory microenvironment. More importantly, 
heart Tregs overexpressed extracellular matrix organiza-
tion or collagen synthesis–related genes, distinguishing 
them from the lymphoid organ Tregs, whose products 
help them perform important functions in maintaining 
cardiac function and integrity after MI. Although the 
transcriptional profile has a certain degree of similarity, 
tissue Tregs are also highly complex and heterogeneous 
in different organs. These differences suggest that the 
microenvironment related to damage and specific tis-
sues is critical in orchestrating Tregs. Heart Tregs in I/R 
injury models also have a prohealing phenotype similar 
to that of heart Tregs in MI models, probably because 
of the similar injured microenvironment in myocardium.

Previous studies indicate that CD4+ T cells first be-
come primed and proliferate in the heart-draining 
MLNs after MI, and then infiltrate into injured hearts. 
These findings raise an important question: Where do 
heart Tregs take on their distinctive phenotypes, MLNs, 
or hearts? To address it, we compared transcriptomic 
characteristics between heart Tregs and MLN Tregs. The 
transcriptomic data showed that, differently from MLN 
Tregs, heart Tregs displayed a distinct repertoire signa-
ture dominated by a prohealing phenotype, which was 
attributable to the myocardial milieu under the scenario 
of myocardial injury. A recently published study also con-
sistently pinpoints that T cells infiltrating the infarcted 
myocardium display a unique repertoire signature and 
clonally expand in situ.32 However, we also noticed that 
genes encoding Treg suppressive molecular Ctla4 and 
some cytokines, cytokine receptors, chemokines, and 

chemokine receptors were upregulated in MLN Tregs 
in comparison with spleen and NDLN Tregs. Therefore, 
we conclude that heart Tregs comply with a pragmatic 
lymphocyte-trafficking paradigm in a way that Tregs 
become primed and proliferative in MLNs. More impor-
tantly, the injured myocardium imposes an activation 
context that promotes the development of heart Tregs 
poising to exhibit a cardioprotective phenotype during 
the healing stage. It is notable that a recent study pro-
vides valid evidence to demonstrate that tissue Tregs 
are initially priming in lymph nodes and give rise to fully 
mature tissue Tregs in nonlymphoid tissues, exactly sup-
porting our conclusion.33

Heart Tregs Are Mainly Recruited From 
Circulation, Coupled With Proliferation 
and Conversion, and the IL-33/ST2 Axis 
Promotes Their Expansion
Tissue Tregs may have several different sources, includ-
ing recruitment from peripheral Treg pool, amplification 
of recruited or locally colonized Tregs, and conversion 
from Tconvs.25 Although some researchers have specu-
lated that Tregs are mainly recruited from the peripheral 
circulation after MI,12,13,34 relevant evidence is missing. 
Through FTY720 and photoconversion experiments, 
we confirmed the migration of circulating Tregs to the 
hearts after MI. More importantly, we calculated that 
95% of the increased Treg population in the MI myo-
cardium came from the peripheral circulation through 
parabiosis experiments. In comparison with lymphoid 
organs, the preferential aggregation of Tregs in the in-
jured hearts may depend on their upregulated expres-
sion of chemokines and chemokine receptors as sug-
gested by transcriptomic data.

In addition, it cannot be ignored that the other 2 
processes also contributed to supplementing the Treg 
pool. Proliferative markers confirmed that heart Tregs 
exhibited heightened proliferation, which is consis-
tent with visceral adipose tissue Tregs and muscle 
Tregs.5,6,16,26 In particular, TCR repertoire data revealed 
that the clonal expansions of heart Tregs occurred in 
response to MI and were more pronounced in heart 
Tregs than in spleen Tregs, which suggests the possibil-
ity of specific antigen-TCR recognition by heart Tregs. 
Although heart Tregs expressed high levels of markers 

Figure 6 Continued. F, Il33 transcripts in endothelial cells, cardiomyocytes, and cardiac fibroblasts isolated from infarcted hearts were quantified by RT-PCR 5 days 
after MI. n=5 per group. G, Representative immunofluorescence staining of IL-33 with Vimentin (Left), α-actinin (Middle), and CD31 (Right) in infarcted hearts 5 
days after MI, cell nuclei were stained with DAPI. Scale bar, 50 μm. H, The numbers of Tregs in the hearts (Left) and spleens (Right) of WT and Il1rl1–/– mice 7 days 
post-MI. n=5 per group. I, The numbers of Tregs in the hearts (Left) and spleens (Right) of IL-33–treated and PBS-treated mice 7 days post-MI. n=5 per group. 
Statistical comparisons: 1-way ANOVA with the Tukey multiple comparison test was performed in A and D through F; nonparametric Kruskal-Wallis test was 
performed in B; 2-way ANOVA and Tukey post hoc test were performed in C; 2-tailed unpaired t test was performed in H and I. **P<0.01 vs spleens at each time 
point, ##P<0.01 vs 3 day post-MI hearts in C. *P<0.05, **P<0.01 vs day 0 in D and E. *P<0.05, **P<0.01 in A, B, F, H, and I. A.U. indicates arbitrary unit; CD, 
cluster of differentiation; CFs, cardiac fibroblasts; CMs, cardiomyocytes; DAPI, 4′,6-diamidino-2-phenylindole; ECs, endothelial cells; FPKM, fragments per kilobase 
of transcript per million fragments mapped; IL-33, interleukin-33; Il1rl1, interleukin 1 receptor like 1; MI, myocardial infarction; MLN, mediastinal lymph node; 
NDLN, nondraining lymph node; PBS, phosphate-buffered saline; RT-PCR, reverse transcription polymerase chain reaction; ST2, suppression of tumorigenicity 2; 
Tregs, regulatory T cells; and WT, wide type. 
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of thymus-derived Tregs, our results suggested that a 
minor proportion of heart Tregs was converted from 
Tconvs. By using the heart-specific antigen transgenic 
mice, Rieckmann et al32 also consistently found that 
Tconvs can be transformed into Tregs in MI. Otherwise, 
there was no conversion of visceral adipose tissue Tregs 

from Tconvs, indicating the distinct sources of individual 
tissue Tregs.26

Given the strongly upregulated expression of ST2 on 
heart Tregs, we speculated that IL-33 drove heart Tregs 
enrichment. As expected, we verified that the IL-33/ST2 
axis played an important role in the accumulation of 

Figure 7. Heart Tregs overexpressing Sparc ameliorate survival and protect against rupture after MI.
A, Scatter plots comparing gene expression quantified by RNA sequencing of heart Tregs vs spleen Tregs (Left) and heart Tregs vs NDLN Tregs (Right). The Sparc 
gene is highlighted in red. Averaged from 3 experiments. B, Sparc transcripts in isolated Tregs of hearts, spleens, and NDLNs from Foxp3GFP mice 7 days after MI 
were quantified by RT-PCR. n=5 per group. C, Sparc transcripts in isolated heart Tregs from IL-33–treated and PBS-treated mice 7 days after MI were quantified 
by RT-PCR. n=5 per group. D, Kaplan-Meier survival curve shows the survival of sham-operated mice, isotype control IgG+Ad-Ctrl–treated mice, isotype control 
IgG+Ad-Sparc–treated mice, Ad-Ctrl–treated Treg-ablated mice, and Ad-Sparc–treated Treg-ablated mice after MI. n=40 to 47 per group. E, Frequency of cardiac 
rupture among mice in the indicated groups. n=40 to 47 per group. F, Quantification of LVEF, LVFS, LVESD, and LVEDD by echocardiography at 14 days after MI 
among the indicated groups. n=9 to 18 per group. Statistical comparisons: 1-way ANOVA with the Tukey multiple comparison test was performed in B and F; 
nonparametric Mann-Whitney U test was performed in C; Kaplan-Meier method log-rank test was performed in D; Fisher exact test was performed in E. *P<0.05, 
**P<0.01. Ad-Ctrl indicates control adenovirus; Ad-Sparc, secreted acidic cysteine-rich glycoprotein–overexpressing adenoviral vector; A.U., arbitrary unit; CD, clus-
ter of differentiation; IgG, immunoglobulin G; IL-33, interleukin-33; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; LVESD, 
left ventricular end-systolic dimension; LVFS, left ventricular fractional shortening; MI, myocardial infarction; NDLN, nondraining lymph node; PBS, phosphate-
buffered saline; RT-PCR, reverse transcription polymerase chain reaction; and Tregs, regulatory T cells.
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Figure 8. Heart Tregs overexpressing Sparc protect against cardiac rupture through increasing collagen content and enhancing maturation in 
infarct scars.
A, Quantification of collagen content in the infarct zone among the indicated groups. n=8 to 10 per group. B, RT-PCR analysis of Col1a1, Col3a1, and ASMA 
mRNA expression in the infarct zone among the indicated groups 5 days post-MI. n=5 to 6 per group. C, Left, Representative immunofluorescence staining of 
collagen I (green) and α-actinin (red) of the infarct zone in infarcted hearts 14 days after MI. Scale bar, 50 μm. Right, Summary data for the collagen I expression 
among the indicated groups. n=5 per group. D, Left, Representative immunofluorescence staining of collagen III (green) and α-actinin (Continued )
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heart Tregs through both gain- and lose-of-function ex-
periments, which was consistent with our recent report 
on abdominal aortic aneurysm.35 Regarding the mecha-
nism of IL-33–induced Treg expansion, we showed that 
IL-33 injection enhanced the proliferation of Tregs. An-
other possible mechanism is whether IL-33 promoted 
heart Treg recruitment from circulation. In injured skel-
etal muscle, Kuswanto et al16 ruled out this possibility. 
Because most heart Tregs (≈90%) were in cell cycle, 
we considered that amplification rather than recruit-
ment was the major contributor to IL-33/ST2 action on 
heart Tregs. Previous studies have demonstrated that 
IL-33 attenuates cardiac remodeling after MI,36,37 which 
is consistent with a protective role of Tregs. Here, we 
showed that IL-33 significantly expanded heart Tregs, 
which represented a possible mechanism underlying 
the protection of IL-33 on MI.

Heart Tregs Promote Scar Repair, With 
Sparc as a Functional Mediator
The transcriptomic data showed an upregulation of ex-
tracellular matrix proteins and collagen-related genes 
of heart Tregs, indicating enhanced ability to promote 
the repair after MI. Thus, considering the traits of tissue 
Tregs, heart Tregs are more likely to play a cardiopro-
tective role by directly promoting repair in relation to 
suppressing inflammation. Among these differentially 
expressed transcripts, Sparc is a prime example that has 
little expression in the lymphoid Tregs but is highly ex-
pressed by heart Tregs. Its corresponding product Sparc 
is an important cellular matrix protein that mediates 
cell-matrix interactions and regulates the production 
and assembly of extracellular matrices.38 In mice, the 
absence of Sparc increases the rate of mortality attrib-
utable to heart rupture and dysfunction after MI.28 This 
effect is mainly caused by impaired granulation tissue 
formation and collagen maturation after Sparc knock-
out.28 Our data demonstrated that Sparc overexpression 
decreased mortality and cardiac rupture in Treg-ablated 
mice, which was associated with increased collagen 
content and enhanced maturation in the infarct scars, 
making up for the defects in tissue repair caused by 
Treg removal. However, except for Tregs, other Sparc-
producing cells (including fibroblasts and macrophages) 
may also contribute to the effect of Sparc in MI settings. 
Thus, we further overexpressed Sparc on Tregs in vitro, 

and their effect on collagen was consistent with that 
in vivo. To directly address that Treg-derived Sparc is re-
sponsible for driving collagen synthesis and maturation 
in vivo, mice that specifically knock out Sparc in Tregs 
would be needed. In addition to Sparc, heart Tregs also 
highly expressed Areg, a functional mediator of Tregs in 
skeletal muscle6 and lung tissue,39 and a group of ex-
tracellular matrix–related molecules, as well, which in-
dicates that heart Tregs may function through multiple 
mediators. Whether these molecules also functionally 
contribute to heart Tregs remains to be determined.

Conclusions and Perspectives
In conclusion, we identified a unique population of heart 
Tregs with a prorepair phenotype that is mainly migrated 
from the circulation, coupled with local expansion and 
phenotypic conversion from Tconvs. Their accumulation 
is dependent on the IL-33/ST2 axis. These heart Tregs 
show strong expression of Sparc and play a necessary 
protective role in preserving cardiac integrity after MI by 
increasing collagen content and promoting maturation 
in the infarct scars. Harnessing the power of heart Tregs 
may therefore lead to the development of new treat-
ment strategies for MI and other cardiac diseases.
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Figure 8 Continued. (red) of the infarct zone in infarcted hearts 14 days after MI. Scale bar, 50 μm. Right, Summary data for the collagen III expression among 
the indicated groups. n=5 per group. E, Left, Representative images of Sirius red staining under polarization microscopy. Scale bar, 50 μm. Right, Quantifica-
tion of collagen quality (defined by OR:YG ratio) in the infarct zone 14 days post-MI among the indicated groups. n=5 to 10 per group. F, Summary data for the 
collagen fibril diameter analysis of electron microscopic images from the infarct scars among the indicated groups. n=3 per group. G, Cardiac fibroblasts were 
separately cultured or cocultured with control lentivirus-treated Tregs or Sparc-overexpressing lentivirus-treated Tregs for 24 hours. RT-PCR analysis of Col1a1, 
Col3a1, and ASMA mRNA expression of the cardiac fibroblasts in the indicated groups. n=5 per group. Statistical comparisons: 2-way ANOVA with Tukey post 
hoc test or nonparametric Scheirer-Ray-Hare test were performed in A through E; 1-way ANOVA with the Tukey multiple comparison test was performed in G. 
*P<0.05, **P<0.01. Ad-Ctrl indicates control adenovirus; Ad-Sparc, secreted acidic cysteine-rich glycoprotein–overexpressing adenoviral vector; ASMA, α-smooth 
muscle actin; A.U., arbitrary unit; CD, cluster of differentiation; CFs, cardiac fibroblasts; DAPI, 4′,6-diamidino-2-phenylindole; IgG, immunoglobulin G; Lenti-Ctrl, 
control lentivirus; Lenti-Sparc, secreted acidic cysteine-rich glycoprotein–overexpressing lentivirus; OR, orange-red; YG, yellow-green; RT-PCR, reverse transcription 
polymerase chain reaction; and Tregs, regulatory T cells.
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