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Heart failure is a global problemwithhigh hospitalizationandmortality rates. Inflammation and
immune dysfunction are involved in this disease. Owing to their unique function, regulatory T
cells (Tregs) have reacquired attention recently. They participate in immunoregulation and
tissue repair in the pathophysiology of heart failure. Tregs are beneficial in heart by
suppressing excessive inflammatory responses and promoting stable scar formation in the
early stage of heart injury. However, in chronic heart failure, the phenotypes and functions of
Tregs changed. They transformed into an antiangiogenic and profibrotic cell type. In this
review,we summarized the functions of Tregs in the development of chronic heart failure first.
Then, we focused on the interactions between Tregs and their target cells. The target cells of
Tregs include immune cells (such asmonocytes/macrophages, dendritic cells, T cells, and B
cells) and parenchymal cells (such as cardiomyocytes, fibroblasts, and endothelial cells).
Next-generation sequencing and gene editing technology make immunotherapy of heart
failure possible. So, prospective therapeutic approaches based on Tregs in chronic heart
failure had also been evaluated.
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INTRODUCTION

Heart failure (HF) is a complex clinical syndrome caused by the progressing of various heart
diseases. Structural and functional defects of heart lead to impaired cardiac filling or ejection of
blood. Shortness of breath, fluid retention, and fatigue are the classic symptoms of HF (1). It has
become a public health problem because of high morbidity, hospitalization, and mortality rates. HF
influences more than 37.7 million patients globally (2). Sudden cardiac death and multiple organ
dysfunction account for nearly 10% annual mortality in HF patients (3). Therefore, taking effective
measures before HF or exploring new strategies to reduce the mortality of HF is urgently needed.

Different ways can be used to classify HF. According to the location of the deficit parts, HF can be
divided into left ventricular HF, right ventricular HF, and biventricular HF. Based on the change of
ejection fraction value, two types of HF can be classified. It includes HF with preserved ejection
fraction (HFpEF) and HF with reduced ejection fraction (HFrEF). The ejection fraction of HFpEF
patients is unusually more than 50% or at least over 40%. HFpEF is always accompanied by
interstitial fibrosis, thicken ventricular wall, and decreased ventricular compliance. The incidence of
HFpEF increases gradually in recent years. However, lacking effective therapeutic drugs in the
clinical treatment of HFpEF makes it a poor prognosis. HFrEF usually occurs once a large amount of
cardiomyocytes (CMs) is lost, such as in myocardial infarction (MI). The decompensated phase of
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cardiomyopathy is also manifested with a decreased ejection
fraction. Depending on the speed of onset, HF can be divided
into acute HF and chronic HF. Multiple factors, such as infection
and volume overload, induce the occurrence of acute HF in
chronic HF patients and increase the risk of readmission and
mortality rate (1). Due to the rapid progress of the disease, the
time window for the clinic research of acute HF is inadequate.
Rarely had study on immune cells in acute HF been done. In this
review, we mainly focused on chronic HF and described the
important roles of Tregs in the development of chronic HF.

Ischemic injury, especially MI, accounts for the main reason of
chronicHF. The process ofMI toHF includes three consecutive but
overlapping stages. Massive CMs die when coronary artery is
suddenly interrupted. Necrotic cells release debris and induce an
inflammation response, which leads to the infiltration of a large
number of immune cells anddegradationof the extracellularmatrix
(ECM) (inflammation stage). With the removal of debris and
necrotic cells, inflammation is resolved and scar is initially
formed (repair stage). In mature stage, cells related to tissue
repair are deactivated. At the same time, collagen is cross-linked.
These changespromote the formationof stable scar.However, long-
termmechanical stress and the activation of the sympathetic nerve
and the renin–angiotensin–aldosterone system lead to negative
ventricular remodeling and chronic HF (3). Genetic mutation
and previous viral or bacterial infection are the main reasons of
cardiomyopathy. The release of autoantigens and pathogen-related
molecular patterns activate the immune response, which leads to
fibrosis and negative ventricular remodeling of the heart.

Inflammation and immune cells participate in both acute heart
injury and chronic HF. Inflammatory factors and inflammation-
related lectin, such as tumor necrosis factor (TNF)-a, interleukin
(IL) -1b, IL-6, lectin 3, are increased inHFpatients. Single-cell RNA
sequencing of CD45+ cells in myocarditis and pressure overload-
induced HFmice suggested an immune activation state during HF
(4, 5). Most of the clinical trials based on anti-inflammatory or
immunoregulatory treatments yet yielded disappointing results,
except for IL-1b antibody canakinumab and IL-1 receptor
antagonist anakinra in specific populations. For detailed
information on these clinical trials, please refer to the review by
Van Linthout andTschöpe (6). These unsatisfactory results remind
us of the complexity of immune response after HF. Regulatory T
cells (Tregs), standing in the central site in immunomodulation,
participate in the process of chronic HF. Here, we concentrated on
Tregs and described their interactions with their target cells in HF.
The approaches based on Tregs in the treatment of HF had also
been referred.
REGULATORY T CELLS IN HEART
FAILURE AND HEART FAILURE-
RELATED DISEASES

Tregs are defined as CD4+CD25hiFoxp3+ cells. Foxp3 (forkhead
box P3) is a transcription factor that is necessary for the
development and function of Tregs. Dysfunction of Tregs due
Frontiers in Immunology | www.frontiersin.org 2
to Foxp3 mutation leads to fatal autoimmune diseases.
Depending on the different sources, Tregs can be divided into
thymus-derived Tregs (tTregs) and peripheral Tregs (pTregs) in
vivo or induced Tregs (iTregs) in vitro (7).

Suppressing excessive immune response and maintaining
immune homeostasis and peripheral tolerance are the classic
functions of Tregs. Inhibitory cytokines of Tregs, including
IL-10, transforming growth factor (TGF)–b, and IL-35,
participate in the suppression function of T cells directly (8–
10). Molecules on Tregs, such as cytotoxic T lymphocyte-
associated antigen 4 (CTLA4) and lymphocyte activation gene
3 (LAG3), also take part in immunomodulation indirectly by
interacting with antigen-presenting cells (APCs), especially
dendritic cells (DCs) (11, 12). Exoenzyme CD39 or CD39/
CD73 on Tregs converts extracellular ATP into adenosine,
which suppresses the immune response (13). It is rare but had
been described that Tregs played a cytolytic effect by producing
granzyme B (14). Recent evidence indicated that Tregs in non-
lymphoid tissue obtained specific phenotypes and functions in
tissue repair. Tregs in visceral adipose tissue regulated adipocyte
metabolism through the transcription factor peroxisome
proliferator-activated receptor gamma (15). Analogously, in
injured skeletal muscle, Tregs accumulated in the lesion and
produced amphiregulin (Areg). Areg promoted the skeletal
muscle repair (16). As the Notch signaling ligand, Jagged-1
was highly expressed on skin Tregs, which was necessary for
hair regeneration (17). Since then, tissue Tregs had been found in
cerebral ischemic injury and acute lung injury (18, 19). Recently,
we reported a kind of Tregs that expresses “secreted protein
acidic and rich in cysteine” (SPARC) in the hearts of MI mice.
They played a protective role in preventing cardiac rupture (20).
This result demonstrates that heart Tregs participate in cardiac
repair directly. All the results raise the potential protective effects
of Tregs on parenchymal cells.

HF is the end stage of almost all cardiovascular diseases.
Numerous studies reported that Tregs acted as a protective
subset in the early stage of heart injury. Tregs increased in the
hearts and mediastinal lymph nodes in mice after acute MI and
promoted tissue repair (21, 22). Adoptive transfer of Tregs
ameliorated fibrosis and improved mouse heart function after
MI (22). In myocardial ischemia–reperfusion (I/R) injury, the
similar prevalent role of Tregs had also been reported in mice
(23). IL-2 complexes (IL-2Cs) amplified Tregs in vivo (24). In
ischemic heart injury, IL-2Cs expanded Tregs and maintained
heart function in mice (25, 26). Super agonistic anti-CD28
antibody (CD28-SA) and IL-33 amplified Tregs preferentially
and improved cardiac contractility in MI mice. They may be used
for Treg’s therapy in the future (20, 21, 27). Similarly, infusion of
Tregs extenuated cardiac hypertrophy and ventricular
remodeling induced by angiotensin II (Ang II). Tregs reduced
the mortality of coxsackievirus B3 (CVB3)-induced myocarditis
in mice, which reemphasized the protective role of Tregs (28, 29).
C-X-C motif chemokine receptor 4 (CXCR4) is essential for
Tregs’ accumulation in lesions. POL5551, the antagonist of
CXCR4, increased the mobilization and accumulation of Tregs
to infarcted heart and improved the prognosis of I/R injury in
September 2021 | Volume 12 | Article 732794
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mice (30). However, in HF mice, Tregs became a Th1-like pro-
inflammatory subset and promoted adverse ventricular
remodeling (31). These results indicate that Tregs are plastic in
phenotype and function in different periods after heart injury.
However, what boosts these changes deserves further study.

Clinically, studies reported a positive correlation between a low
frequency of Tregs and high risk of cardiovascular disease. It might
beused as an independent predictor for rehospitalization inpatients
with worsening HF (32, 33). Treg’s number decreased in the
peripheral blood but significantly increased in the coronary
thrombi in acute MI patients. Different from peripheral blood,
the T-cell receptors (TCRs) of Tregs in the coronary thrombi
showed an oligoclonal characteristic (34–36). A reduced number
of Tregs had also been observed in the peripheral blood of patients
with acute coronary syndrome, dilated cardiomyopathy (DCM),
and ischemicHF (37–40). Increased apoptosis and impaired output
ofTregs from the thymusduringHFmay contribute to the decrease
(41). Recently, a clinic study described a positive association
between low fraction of circulating Tregs and high mortality in
ischemic HFrEF patients (42). Except for the change in Treg
number, the suppression function of Tregs on conventional T
cells decreased. The secretion of soluble fibrinogen-like protein 2,
a novel effector factor of Tregs, was also impaired in ischemic HF
patients (43). Aldesleukina is a kind of recombinant human IL-2. A
clinical trial using Aldesleukina in patients with stable ischemic
heart disease and acute coronary syndrome to evaluate its ability in
increasing the number of circulating Tregs has been conducted in
2018. However, the final result has not been reported (TRIAL
REGISTRATION NUMBER: NCT03113733).

Immune cells and parenchymal cells play important roles in
both the early stage of heart injury and the development of HF.
Mechanistically, except for producing anti-inflammatory factors,
Tregs also participate in HF and HF-related diseases by
interacting with immune and parenchymal cells directly. The
roles of these related cells in heart had been described in detail in
the following subsections (Figure 1).
REGULATORY T CELLS INTERACT
WITH HEART FAILURE-RELATED
IMMUNE CELLS

Regulatory T Cells Interact With
Monocytes/Macrophages in Heart Failure
In mice, monocytes include Ly6Chi monocytes and Ly6Clow

monocytes. Following neutrophils, Ly6Chi monocytes are
recruited to the heart in the very early stage of injury. They
produce pro-inflammatory factors, such as IL-1, IL-6, and
TNF-a. Subsequently, Ly6Clow monocytes migrate to the
lesion. They secrete anti-inflammatory factors, such as IL-10
(44). By devouring necrotic cells and debris, monocytes
transform into macrophages. Macrophages can also be divided
into two groups: M1 (classical macrophages) and M2 (alternative
macrophages) in mice. M1 macrophages are very efficient in
producing toxic intermediates and pro-inflammatory cytokines.
Frontiers in Immunology | www.frontiersin.org 3
In contrast to M1 macrophages, M2 macrophages produce
molecules, such as IL-10 and osteopontin. They improve tissue
repair by promoting inflammation resolut ion and
angiogenesis (45).

An increased number of monocytes/macrophages had been
observed in mice of heart injury. The number of pro-
inflammatory CD11b+F4/80+Gr-1hi monocytes and CD11b+F4/
80+CD206- M1 macrophages increased in the peripheral blood
and hearts of ischemic HF mice, respectively (46). Similarly, an
accumulation of macrophages in the remote myocardium of MI-
related HF in mice was also reported. Furthermore, the
researchers found that monocyte ’s recruitment from
circulation and macrophage’s local proliferation contributed to
the expansion of heart macrophages. Inhibiting the recruitment
of monocytes improved heart function, which indicates a
negative role of monocyte-derived macrophages in the heart
(47). However, depletion of macrophages impaired repair and
deteriorated ventricular remodeling in cryoinjured hearts of mice
(48). Studies based on the distinct lineage of macrophages in
heart injury verified the heterogeneous effects of macrophages in
mice. It may explain the inconsistent results. MHChiCCR2- and
MHCIIlowCCR2- macrophages are resident subsets in the heart.
They self-renew mainly through local proliferation. In
Cx3cr1CreER-YFP:R26Td mice, depleting resident macrophages
during MI promoted adverse ventricular remodeling and
exacerbated cardiac function (49). This result illustrates a
protective role of resident macrophages. In contrast to resident
subset, another study showed that the infiltration of monocyte-
derived CCR2+ macrophages was required for adverse
ventricular remodeling in pressure overload mice (50). In
human, the analog phenomenon had also been reported (51).

Tregs play protective roles in ischemic heart disease, the main
cause of HF. They regulate monocyte infiltration, reduce
inflammation-related molecule secretion, and promote
macrophage survival and M2 polarization. Weirather et al. (21)
found that elimination of Tregs beforeMI increased the number of
pro-inflammatory myeloid cells. The markers related to M1
macrophages were also elevated. These changes led to a poor
prognosis in mice (21). In mouse I/R injury, the similar effects of
Tregs had also been reported (52). IL-35, which ismainly expressed
by Tregs, maintained the survival of CX3CR1+Ly6Clow

macrophages and reduced cardiac rupture after MI in mice (53).
Recently, it was reported that the exosomes derived from Tregs
reduced the infarct size in mice by promoting the polarization of
macrophages toM2subset afterMI (54). In in vitro experiments, the
same effect of Tregs on the polarization ofmonocytes had also been
described (55). Except for ischemic heart disease, hypertension and
myocarditis are also important causes of HF. Adoptive transfer of
Tregs ameliorated cardiac damage in Ang II-induced hypertension
model and CVB3-related myocarditis model. They made a visible
reduction of macrophages (28, 56) (Figure 2 and Table 1). These
results show that Tregs regulate the number and function of
macrophages. However, it is still unclear whether Tregs influence
the proliferation and/or polarization of macrophages locally in the
lesion or just inhibit the recruitment of some specific
monocytes selectively.
September 2021 | Volume 12 | Article 732794
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Despite owning the fruitful results in animal research, rarely
had a study on the direct interaction between Tregs and
macrophages been done in HF patients. Whether macrophages
in acute injury and chronic HF have different phenotypes and
functions needs further study. Furthermore, we wondered if Tregs
can still promote the M2 macrophage polarization in the end stage
of heart injury. A study found that Tregs enhanced the efferocytosis
of macrophages in inflammation-related diseases in mice.Whether
this effect of Tregs is also existing in HF or not needs further
investigation (65). Unlike the large number of macrophages, Tregs
account for a small but indispensable part in cardiac injury. It
reiterates that Tregs may synergize with macrophages through a
cascade amplification effect. This effect may enhance the anti-
inflammatory and pro-healing roles of Tregs.
Frontiers in Immunology | www.frontiersin.org 4
Regulatory T Cells Interact With Dendritic
Cells in Heart Failure
DCs, which serve as the bridge between innate and adaptive
immune cells, perceive the changes in the environment. They
play important roles in immune tolerance and immune response.
According to different sources, DCs are divided into myeloid
DCs (mDCs) and plasmacytoid DCs (pDCs). mDC, which is also
DC1, is derived from myeloid stem cells under the stimulation of
granulocyte-macrophage colony-stimulating factor (GM-CSF).
pDC, also known as DC2, is derived from lymphoid stem cells.
Controlling helper T (Th) cell differentiation is the main function
of DCs. DC1 produces IL-12 and induces the differentiation of
Th cells into Th1 cells. However, DC2 hardly produces IL-12 and
promotes the differentiation of Th cells into Th2 cells.
FIGURE 1 | The roles of immune cells and parenchymal cells in acute heart injury and chronic heart failure. We summarized the immune cells that infiltrated
the heart in a large number after acute heart injury. Neutrophils (Neu) infiltrate the heart in the very early stage of heart injury. They participate in the
inflammation response and then undergo apoptosis, which promote the resolution of inflammation. Neutrophils are indispensable in heart repair after injury.
Monocytes (including Ly6Clow and Ly6Chi monocytes) accumulate in the heart after acute injury and differentiate into macrophages after phagocytosis of cell
debris. M2 polarization of macrophages improves the prognosis of acute heart injury. In heart failure, monocyte-derived macrophages aggravate the damage,
while resident macrophages play an anti-inflammatory effect and improve the prognosis of heart failure. DCs participate in the inflammatory response in the
early stage of heart injury. They secrete cytokines, present antigens, and activate T cells, which play an important role in heart repair in the early stage of
damage. DCs have the ability to activate CD4+ T cells and cytotoxic CD8+ T cells, which exacerbate HF. T cells play different roles after myocardial infarction.
In the early stage of myocardial infarction, they are essential for the repair, while the activated T cells aggravate the damage during heart failure. After
myocardial infarction, Th1, Th17, and gd T cells aggravate ventricular remodeling by producing pro-inflammatory factors. In heart failure, the imbalances of
Th1/Th2 and Th17/regulatory T cell (Treg) were observed. Tregs inhibit the inflammation response in the early stage of injury. At the same time, they produce
repair-related molecules to promote repair directly. However, in heart failure, Tregs change their phenotype and function and worsen heart failure. B cells
produce pro-inflammatory factors in the early stage of injury and recruit monocytes into the heart to aggravate acute heart injury. B cells are dysfunctional in
heart failure. The inhibitory function of regulatory B cell (Breg) is damaged. Substantial antibodies and complements are produced by B cells, which aggravate
heart failure. A large number of cardiomyocytes (CMs) die in the acute phase of myocardial infarction. They release damage-associated molecular patterns and
pro-inflammatory factors. Then, the necrotic CMs are cleared, and extracellular matrix is deposited. CMs’ apoptosis in non-infarct area, which exacerbates
interstitial fibrosis. Fibroblasts are activated in the early stage of damage and participate in tissue repair. Then, they are deactivated. The excessive proliferation
and activation of fibroblasts and delayed deactivation all aggravate the prognosis of heart failure. Endothelial cells (ECs) are activated in the early stage of
injury. They produce molecules that promote the recruitment of leukocytes and participate in the formation of new blood vessels. Their roles in heart failure
have not yet been elucidated.
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FIGURE 2 | Regulatory T cells (Tregs) interact with immune cells. Tregs regulate the recruitment and functions of immune cells through cell-to-cell contact or
cytokine or exosome secretion. Tregs reduce the migration of monocytes from the circulation and promote the polarization of monocytes/M1 macrophages to M2
macrophages. Conventional dendritic cells (cDCs) induce naive T cells to differentiate into Tregs in physiological homeostasis. However, in heart injury, Tregs assist in
the generation of tolerance DC (tDCs), and tDCs induce Treg proliferation in turn. Tregs inhibit the migration of T cells and regulate the function of Th1, Th17, and
CD8+ T cells and reduce the production of pro-inflammatory factors and antibodies in B cells. Tregs promote the proliferation of regulatory B cells (Bregs). B cells,
including Bregs, promote Treg proliferation. In heart failure, the balance of Th1/Th2 and Th17/Treg shifts to Th1 and Th17, respectively. Tregs are dysfunctional in
both number and function in heart failure. Their inhibitory functions in T cells and B cells are damaged.
TABLE 1 | The interaction between tregs and innate immune cells in HF.

Cell Type Innate Immune Cells in HF Interaction Between Tregs and Innate Immune Cells in HF

Monocyte/
Macrophage

①Pro-inflammatory macrophages increased in the heart of HF mice.
Splenectomy ameliorated cardiac remodeling and inflammation. Adoptive
transfer of HF mouse splenocytes induced cardiac remodeling (46).
②Recruitment and local proliferation contributed to the expansion of
macrophages in the remote myocardium of MI-induced HF. Inhibiting the
recruitment of monocytes improved heart function in MI mice (47).
③Depletion of macrophages increased left ventricular dilatation and wall
thinning in cryoinjury mice (48).
④Depletion of resident macrophages exacerbated cardiac function and
promoted adverse cardiac remodeling in MI (49).
⑤Depletion of CCR2+ macrophages alleviated ventricular remodeling,
dysfunction, and cardiac fibrosis on pressure overload mice (50).
⑥CCR2+ macrophages are a pro-inflammatory population and were
associated with persistent LV systolic dysfunction in human HF (51).

①Tregs reduced the migration of monocytes and promoted the
polarization of macrophages to M2 macrophages (21, 52, 54).
②Elimination of Tregs in I/R mice increased pro-inflammatory
macrophages, accelerated ventricular dilation, and accentuated apical
remodeling. Increasing Tregs in I/R mice reversed the effects (52).
③In Ang II-induced hypertension mice, adoptive transfer of Tregs reduced
macrophages in the heart and ameliorated cardiac damage (28).
④Adoptive transfer of Tregs improved heart function in CVB3-related
myocarditis (56).

Dendritic
cell

①cDCs increased in the heart of HF mice. Splenectomy ameliorated cardiac
remodeling and inflammation. Adoptive transfer of HF mouse splenocytes
induced cardiac remodeling (46).
② Depletion of DCs deteriorated heart function and ventricular remodeling with
increased pro-inflammatory cytokines and decreased anti-inflammatory
cytokines in MI (57).
③G-CSF improved, but GM-CSF aggravated, early ventricular remodeling in
MI rats (58).

①Tregs promoted the production of tDCs by secreting extracellular
vesicles (59).
②The interaction of Tregs and DCs reduced costimulatory molecule
expression on DCs and led to inadequate activation of effector T cells
(60).
③cDC1s induced the production of self-tolerant Tregs. cDC2s presented
heart antigens to effector T cells and promoted T-cell activation and
polarization in MI (61).
④tDCs increased antigen-specific Tregs and produced beneficial effects
in MI. In vitro, antigen-loaded DC or GM-GSF-stimulated DC induced the
proliferation of Tregs (62–64).
Frontiers in Im
munology | www.frontiersin.org 5
Treg, regulatory T cell; HF, heart failure; MI, myocardial infarction; LV, left ventricular; DC, dendritic cell; cDC, classic DC; CCR, C-C motif Receptor; G-CSF, granulocyte colony-stimulating
factor; GM-CSF, granulocyte-macrophage colony stimulating factor; I/R, ischemia-reperfusion; Ang, angiotensin; CVB3, coxsackievirus B3; tDC, tolerogenic DC.
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The number of DCs increased in the hearts in both acute
injury and HF. It indicated that they may have distinct functions
in different phases of heart injury (46, 66, 67). DCs ameliorated
left ventricular remodeling after MI. Elimination of DCs by using
CD11cDTR mice worsened ventricular remodeling and function
(57). However, treating MI rats with granulocyte colony-
stimulating factor (G-CSF) or GM-CSF revealed that G-CSF
improved but GM-CSF aggravated ventricular remodeling (58).
These controversial results may be associated with the expansion
of different DC subsets in the heart. Cross-priming DCs have the
ability to activate both CD4+ T cells and CD8+ cytotoxic T cells.
Recently, using Clec9a-depleted mice that were deficient in DC
cross-priming, Forte E. et al. (68) found that in ischemic HF,
cross-priming DCs accumulated in hearts and contributed to the
exacerbation of post-ischemic inflammatory damage. These
results may remind us of the different roles of DCs in the
process of heart injury.

Although majority of studies found that the total number of
DCs in peripheral blood is elevated in HF patients, the results are
inconsistent (69–73). The differences in severity and etiology of
HF may be responsible for the discordant results. It reminds us
that more detailed and reasonable classification of HF is needed
for further clinical research.

The interaction between Tregs and DCs has not been fully
elucidated. Tolerogenic DC (tDC), which is blunt to certain
antigens, acts as a protective subset in many immune-related
diseases. Tregs promoted the production of tDCs by secreting
extracellular vesicles containing miR-150-5p and miR-142-3p in
vitro (59). Except for generating tDCs, Tregs also influence the
maturation and function of DCs. A few studies showed that the
interaction between Tregs and DCs reduced the costimulatory
molecule expression on DCs. These defective DCs led to
inadequate activation of effector T cells in vivo (60, 74).
Similarly, after coculturing with CD4+CD25+ Tregs but not
CD4+CD25- T cells, DCs reduced their maturation and their
ability in antigen-presenting was also damaged (75).

DCs have direct effects on Tregs. In homeostatic conditions,
immature DCs induced the anergy of self-reactive T cell and
promoted the differentiation of naive T cells into autoantigen-
specific Tregs. This process was related to cDC1 (61, 76). In
addition to cDC1, tDCs can also promote the formation of
antigen-specific Tregs during injury. This may be a treatment
strategy for immune-related diseases. Stimulating bone marrow-
derived DCs with TNF-a and cardiac lysates from MI mice
induced the generation of tDCs. Adoptive transfer of these tDCs
into MI mice increased antigen-specific Tregs in lymph nodes,
spleens, and hearts. Finally, they achieved a beneficial effect on
ventricular remodeling (62). Similarly, the effects of tDCs in
increasing the number of Tregs had also been reported in
autoimmune myocarditis and chronic Chagas disease mice (63,
64). DCs enhanced Treg functions in inhibiting the proliferation
and accumulation of effector T cells likewise, which avoid
excessive autoimmune response caused by cardiac injury (77).
Just like in vivo, antigen-loaded DCs, especially mature DCs,
stimulate the proliferation of Tregs directly in vitro (78)
(Figure 2 and Table 1).
Frontiers in Immunology | www.frontiersin.org 6
Although the changes in the number of DCs had been
described in a series of clinical studies of HF, there is a lack of
description on the direct interaction between Tregs and DCs in
vivo. Some new breakthroughs are urgently needed.

Regulatory T Cells Interact With Effector
T Cells in Heart Failure
T cells are heterogeneous groups that output from the thymus. T
cells consist of CD4+ T cells and CD8+ T cells. CD4+ T cells are the
main T-cell subset in heart injury, and the classification of CD4+ T
cells is mainly based on the cytokines they produced. Common
types of CD4+ T-cell subsets include Th1 cells [producing
interferon (IFN)-g], Th2 cells (producing IL-4, IL-5, and IL-13),
Th17 cells (producing IL-17), and Tregs (producing IL-10, TGF-b,
and IL-35). Based on the constitution of TCR, T cells can also be
divided into abT cells (including CD8+ T cells, Th1, Th2, and
Th17 cells) and gdT cells.

T cells infiltrated into the damaged heart and their deficiencies
in the number and function are involved in the pathophysiological
process of HF. CD4 or MHC-II knockout mice are lack of CD4+ T
cells. Experiments using these mice showed that CD4+ T cells were
indispensable for proper collagen deposition in the infarct area
(79). Myosin heavy chain alpha (MYHCA) is the main
autoantigen released during MI. By transferring MYHCA614-629-
specific CD4+ T cells to recipient mice, Rieckmann et al. (80)
found that these cells accumulated in mediastinal lymph nodes
and hearts after MI. Surprisingly, a large number of the transferred
cells transformed into Tregs and obtained a distinct pro-healing
effect (80). However, eliminating CD4+ T cells from the fourth
week after ligation reduced the infiltration of CD4+ T cells in
hearts and rescued the left ventricular dilatation in HF mice.
Adoptive transfer of heart-infiltrating CD3+ T cells or splenic
CD4+ T cells from HF mice to naive recipient mice led to a
damaged left ventricular function (81). These results indicate a
plastic function of T cells in acute injury and HF. It may be related
to the different activation and transcription characteristics of T
cells at different stages. As the main source of IFN-g, Th1 cells are
harmful to the ischemic heart in mice (82). IL-17A produced by
gdT cells exacerbated left ventricular remodeling in both MI and
myocardial I/R injury mice (83–85). Although cytotoxic CD8+ T
cells played a negative role in MI mice, CD8+AT2R+ T cells
secreted IL-10 and potentially facilitated wound healing after MI
(21, 86).

T-cell infiltration had also been described in endocardial
biopsies of patients with inflammatory DCM. It mainly
consisted of Th1, Th2, and Treg cells. Moreover, the correlation
between the characteristics of T-cell receptor V-beta (TRBV) and
etiology had also been described (87). Recently, Tang et al. (88)
found an aggregation of T cells in the hearts of ischemic HF
patients, which included a large number of CD4+ T cells and CD8+

T cells. Furthermore, they described an oligoclonal characteristic
of heart tissue-specific TCRs that is different from peripheral blood
T cells (88). These results suggest an antigen-related activation of
T cells.

Except for the changes of a certain T-cell population, the
imbalance between T-cell subsets had also been observed in HF.
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Eight weeks after MI, a reduced Th1/Th2 ratio and an increased
Th17/Treg ratio were observed in mice (81). Exercise, catechin,
fenofibrate, and inhibition of micro-RNA155 had been reported
to reverse the imbalance of Treg/Th17 ratio in mice (89–92). In
human, HF was usually accompanied by immune activation. The
balance of Th1/Th2 and Th17/Treg in circulation shifted to Th1
and Th17, respectively (40, 93–96). What factors drive these
shifts and whether these changes are caused by, or lead to,
adverse ventricular remodeling and HF need to be established.

The research on Tregs in suppressing the infiltration and
function of T cells is abundant in the heart. In MI, Treg
supplementation reduced the number of CD3+ T cells in the
heart. On the contrary, ablation of Tregs increased the absolute
counts of CD4+ T cells and CD8+ T cells in mice (21, 22). In in
vitro experiments, Tregs obtained from the spleens of MI mice
were defective in inhibiting the function of conventional T cells.
However, recently, we found that Tregs infiltrating into MI
hearts had increased expression of CTLA-4 and KLRG-1 in
mice. It indicates an enhanced inhibitory capacity of heart
Tregs. These results may indicate a different function of tissue
Tregs and lymphoid Tregs (20, 97). In a previous study, we also
showed that Tregs inhibited the response of cytotoxic CD8+ T
cells in mice after MI (22). Adoptive transfer of Tregs attenuated
cardiac remodeling by reducing IFN-g expression in MI mice
(98). Exosomes secreted by Tregs containing micro-RNAs, such
as Let-7d, regulate the function of a variety of immune cells in
Frontiers in Immunology | www.frontiersin.org 7
mice. They inhibited the proliferation and cytokine production
of Th1 cells (99). Whether this mechanism is also involved in HF
needs fur ther explora t ion . As a subse t o f Tregs ,
CD4+CD25+GARP+ Tregs obtained from the peripheral blood
of DCM patients were dysfunctional in suppressing the
proliferation of Tresp cells (CD4+CD25-GARP-). It may
explain the hyperinflammatory state of DCM patients (39)
(Figure 2 and Table 2). Study on the direct effect of Tregs on
Th17, Th2, or newly discovered Th9 and Th22 cells in HF is
scarce, which needs more research.

Regulatory T Cells Interact With B Cells in
Heart Failure
As another adaptive immune cell subset, B cells include B1 cells
and B2 cells. B1 cells (including B1a and B1b) produce natural
antibodies without any stimulation of exogenous antigens during
prenatal life. However, B2 cells, including follicular B cells and
marginal zone B cells, are generated postnatally and are
unusually stimulated by exogenous antigens. Except for the
different sources, B1 cells and B2 cells have specific markers
separately. B1 cell is CD19+CD11b+IgM+ subset in mice, and B1a
also has a high expression of CD5, but B1b is CD5 negative.
However, in human, B1 cells are CD20+CD27+CD38low/int

CD43+. B2 cells are CD19+CD11b- (111, 112).
B cells accumulate in the heart during the acute phase of heart

injury. A study showed that B cells induced the infiltration of
TABLE 2 | The interaction between tregs and adaptive immune cells in HF.

Cell
Type

Adaptive Immune Cells in HF Interaction Between Tregs and Adaptive Immune Cells
in HF

T cell ① CD4+ T cell-deficient MI mice displayed aggravated ventricular dilation and greater mortality
and heart rupture rates (79).
②Elimination of CD4+ T cells reduced inflammatory cell infiltration and reduced left ventricular
dilatation in HF mice. Transferring heart-infiltrated CD3+ T cells or splenic CD4+ T cells from HF
mice to naive recipient mice resulted in left ventricular dysfunction (81).
③ Adoptive transfer of heart antigen-specific MYHCA614-629 CD4

+ T cells acquired a Treg
phenotype and showed pro-healing effects (80).
④ Th1 cells is the main source of IFN-g. IFN-g aggravated wound healing by influencing the
functions of fibroblast (82).
⑤ gdT cells is the major source of IL-17A. IL-17A exacerbated left ventricular remodeling after
heart injury in both MI and I/R (83–85).
⑥ CD8+AT2R+ T cells contributed to maintaining cardiomyocyte viability and reduced ischemic
heart injury by increasing IL-10 and reducing IL-2 and IFN-g expression (86).
⑦ Tregs became Th1-like cells with antiangiogenic and profibrotic effects and participated in
adverse ventricular remodeling in HF (31).

①Adoptive transfer of Tregs attenuated cardiac remodeling by
reducing IFN-g expression in MI (98).
②Exosomes produced by Tregs inhibited the proliferation and
cytokine secretion of Th1 cells that may be involved in the
regulation of heart damage (99).
③Tregs inhibited the response of CD8+ T cells after MI by
reducing pro-inflammatory factors of CD8+ T cells (22).
④Tregs from HF patients were dysfunctional in suppressing
the function of responder T cell (Tresp) (39).

B cell ①B cells induced Ly6C+ monocyte infiltration by producing CCL7. Elimination of B cells
improved heart function after MI (100).
②B cells assisted in the increase of T cells and DCs in pericardial adipose tissue. CB2-/- mice
showed deteriorated ventricular remodeling after MI, and pericardial adipose tissue removal
reversed the effect (101).
③Rituximab or antibody-dependent B-cell deletion reversed myocardial hypertrophy and
improved cardiac function (102, 103).
④ DCM patients presented a high frequency of CD19+ B cells, and the percentage of TNF-a
producing B cells increased obviously (104).
⑦Bregs were deficient in number and function in DCM patients (105).
⑧Bregs were enriched in pericardial adipose tissue and attenuated post-MI inflammation and
improved the outcome of MI (106).

①CD4+LAP+ Tregs in the peripheral blood of DCM patients
were dysfunctional. Their abilities in inhibiting B-cell
proliferation and antibody production were impaired (107).
② Bregs induced the expansion of Tregs, and Tregs also
increased the number of Bregs in turn (108).
③ B cells induced the production of Tregs (109, 110).
Treg, regulatory T cell; MI, myocardial infarction; Th, helper T cell; IFN, interferon; IL, interleukin; AT2R, angiotensinⅡ type 2 receptor; CCL, chemokine C-C motif ligand; DC, dendritic cell;
CB, cannabinoid receptor; DCM, dilated cardiomyopathy; TNF, tumor necrosis factor; Breg, regulatory B cell; Tresp, responder T cell; LAP, leucine aminopeptidase; CD, cluster of
differentiation.
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Ly6C+ monocytes by producing CCL7. Elimination of B cells
improved heart function after MI in mice (100). Moreover, B
cells assisted the increase of a variety of immune cells, including
T cells and DCs, in pericardial adipose tissue. Research using
cannabinoid receptor CB2 knockout (CB2-/-) mice, which have
an increased number of B cells, showed deteriorated ventricular
remodeling after MI (101). Deleting B cells with anti-CD22
reduced the pro-inflammatory cytokine production. It
alleviated heart fibrosis in heart hypertrophic mice induced by
Ang II (102). In HF, blocking CD20 on B cells with rituximab
reversed myocardial hypertrophy and improved cardiac function
in transverse aortic constriction mouse models (103). Compared
with healthy controls, Yu et al. (104) found a high frequency of
CD19+ B cells in the peripheral blood of DCM patients.
Furthermore, they reported that the percentage of TNF-a, but
not IL-10, producing B cells increased perceptibly (104). All these
results suggest a negative role of B cells in HF-related diseases.
Mechanistically, besides producing antibodies, B cells also secrete
abundant cytokines, such as IL-1, IL-6, TNF, TGF-b, and IL-10.
They can also interact with other immune cells directly. Apart
from Tregs, a group of IL-10+ B cells with regulatory function
called regulatory B cells (Bregs) had also been discovered (113).
In pericardial adipose tissue, CD5+ Bregs were enriched and
attenuated the inflammation response after MI in mice (106).
According to our research, Bregs in DCM patients were deficient
in number. Their effect in inhibiting the function of conventional
T cells was also damaged (105).

Tregs regulate the functions of B cells in multiple ways. They
interacted with B cells directly and inhibited antibody production
(114). Moreover, Tregs participated in the peripheral tolerance by
restraining the proliferation of autoreactive B cells and promoting
their apoptosis (115). However, our previous study showed that
CD4+LAP+ Tregs in the peripheral blood of DCM patients were
dysfunctional. Their abilities in inhibiting B-cell proliferation and
antibody production were impaired compared to healthy controls.
This change in B cells may lead to immune disorders in HF (107).

Besides being the target of Tregs, B cells can also act
aggressively in Treg proliferation. Experiments showed that B
cells, including Bregs, promoted Treg proliferation, which may
associate with homeostasis maintenance (108–110) (Figure 2
and Table 2). Studies on the interaction between Tregs and B
cells are fruitful. However, it is poorly understood during HF,
and a more in-depth investigation is needed.
REGULATORY T CELLS INTERACT WITH
HEART FAILURE-RELATED
PARENCHYMAL CELLS

Regulatory T Cells Interact With
Cardiomyocytes in Heart Failure
CMs are striated self-beating and cylindrical rod-shaped muscle
cells that fundamentally govern the function of the myocardium.
Most CMs are rich in myofibrils. They are tightly connected and
form a muscle fiber network to participate in the systolic and
diastolic functions of the heart. However, there is a small part of
Frontiers in Immunology | www.frontiersin.org 8
CMs that lacks myofibrils. They are highly self-disciplined and
take part in cardiac electrical conduction. CMs are vulnerable to
hypoxia. Once damaged, necrotic CMs release damage-
associated molecular patterns (DAMPs) and cytokines that are
associated with acute inflammation response and ventricular
remodeling. Transfusion of Tregs or expanding endogenous
Tregs by IL-2C reduced the apoptosis of CMs and ameliorated
cardiac function in MI mice (22, 26). In addition to the
antiapoptotic effect, Tregs also promote the proliferation of
CMs directly according to recent research. Zacchigna et al.
(116) found that Tregs promoted the survival of CMs in MI
mice during pregnancy by generating CST7, TNFSFL1, IL33,
FGL2, MATN2, and IGF2. Another study also revealed that
within 1 week after birth, Tregs aggregated in hearts after injury
and played a protective role in ameliorating cardiac fibrosis in
mice. Single-cell RNA sequencing showed that Tregs promoted
the proliferation of CMs in a paracrine manner. They produced
regeneration-related molecules, including CCL24, Areg, and
GAS6 (117). These results give rise to the tissue regeneration
function of Tregs in the heart, which had been confirmed in
injured muscle and skin (16, 17). In vitro, Tang et al. (22) found
that Tregs mitigated the apoptosis of neonatal rat CMs induced
by lipopolysaccharide (LPS). This effect was cell-to-cell contact
dependent. IL-10 but not TGF-b also participated in the process
(22). In addition to maintaining the number of viable CMs, Tregs
may directly restrict the pro-inflammatory cytokine secretion,
such as IL-1b and TNF-a in CMs. A deeper understanding of the
protective mechanism of Tregs in CMs may provide a new
strategy for the treatment of HF.

Regulatory T Cells Interact With
Fibroblasts in Heart Failure
Timely activation and proliferation of cardiac fibroblasts are
important for effective repair after heart injury. Myofibroblasts
that transformed from fibroblasts produce growth factors,
cytokines, chemokines, and ECM components. They are
involved in wound healing and facilitate the recruitment and
activation of immune cells. Single-cell RNA sequencing of cardiac
interstitial cells revealed that fibroblasts are heterogeneous
populations in mice after MI. They had either profibrotic or
antifibrotic signature and participated in the heart’s responses to
injury (118). Fibroblasts are critical to maintain heart integrity in
injury. However, excessive activation of fibroblasts or diminished
apoptosis of myofibroblasts unusually means poor repair after
heart injury (119). A recent study reported a novel function of
fibroblasts beyond tissue repair and fibrosis. Fibroblast-specific
protein 1 (FSP1) expressing fibroblasts participated in
angiogenesis in mice and played a protective role after MI (120).

Tregs can interact with fibroblasts directly. Coculture
experiment of fibroblasts and splenic Tregs showed that Tregs
modulated the phenotype of fibroblasts and reduced the
expression of alpha-smooth muscle actin (a-SMA) and matrix
metalloproteinase-3. Therefore, attenuated the contraction of
fibroblast-populated collagen pads (52). Yet, our latest research
found that a unique population of Tregs producing SPARC
accumulated in the heart. They reduced heart rupture by
increasing the production of collagen III in fibroblasts after MI
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in mice. In vitro, coculture of fibroblasts with SPARC-
overexpressing Tregs confirmed the result (20). These results
indicate that Tregs inhibit the excessive activation of fibroblasts.
This may give an explanation of the protective role of Tregs in
the non-infarct area during ischemic heart injury. However, in
the infarct area, promoting collagen production and deposition
are the primary functions of Tregs.

Regulatory T Cells Interact With
Endothelial Cells in Heart Failure
Endothelial cells (ECs) are essential in heart homeostasis and
tissue repair. They influence both vascular and immune systems.
Cardiac ECs are involved in the formation of vessels and regulate
the integrity of the vascular. Injury-activated ECs participate in
inflammation response by producing cytokines, chemokines, and
growth factors, such as IL-6, P-selectin, E-selectin, vascular cell
adhesion molecule (VCAM)-1, and intercellular adhesion
molecule (ICAM)-1. Hypoxia induced the generation of vascular
growth factors and promoted the activation of ECs, which induced
vessel formation in ischemic and hypertrophic hearts (121).
Therefore, ECs are considered immunoregulatory cells by some
immunologists, although they have no direct functions on
phagocytosis, antibody production, and cellular immunity.

Regulating the activation of ECs and angiogenesis and
modulating leukocyte migration are the main effects of Tregs on
ECs. Pulmonary arterial hypertension is one of the causes of right
ventricular HF. In mice, elimination of Tregs decreased the
production of several vascular protection-related proteins in ECs,
such as cyclooxygenase 2 (COX-2), prostaglandin I2 synthase
(PTGIS; prostacyclin synthase), programmed death ligand 1 (PD-
L1) and heme oxygenase 1 (HO-1) and worsened pulmonary
hypertension. However, the protective effect appeared again by
transferring Tregs in vivo. In vitro, coculture of human heart
microvascular ECs with Tregs also increased these protective
proteins (122). Furthermore, Tregs inhibited the activation of
human umbilical vein endothelial cells (HUVECs) that was
induced by oxidized low-density lipoprotein and LPS in vitro.
They reduced the expression of VCAM-1, monocyte
chemoattractant protein monocyte chemotactic protein-1, and IL-
6 in ECs (123). Similarly, fine particles and vasoactive substances,
such as Ang II, also act as EC-activating factors. However, Tregs
inhibited the activation of ECs in these situations (124, 125).
Effective angiogenesis prevents HF by reducing adverse
ventricular remodeling. ECs are the main members in the process
(126). Transferring Tregs improved the prognosis of MI in mice by
increasing the production of small capillaries (<10 mm) (97). In HF
mice, Tregs were significantly increased. However, they transformed
into Th1-like pro-inflammatory cells with the capacity to produce
IFN-g, TNF-a, and tumor necrosis factor receptor (TNFR)1.
Compared with naive Tregs, they exhibited an antiangiogenic
effect when cocultured with rat coronary ECs (31). Different
functions of Tregs between early stage of MI and HF explain the
temporal and spatial heterogeneity of Tregs. During inflammation,
CD73 on the Tregs protected the integrity of the vascular
endothelium and reduced leukocyte transcellular migration (127).
An in vitro study reported that iTregs, but not nTregs, passed
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through the single layer of endothelium and inhibited the activation
of ECs. This made a reduced migration of effector T cells and
attenuated inflammatory response (128). After coculturing with
HUVECs, Tregs obtained a stronger suppression function on
effector T cells. This effect was related to the interaction of PD-1
on Tregs and PD-L1/PD-L2 on activated ECs (129). In human,
HLA-DR+ ECs promoted Tregs’ proliferation through the surface
marker CD54 on ECs (130). The interaction between Tregs and ECs
is abundant. Targeting ECs may be a chance for HF patients, and
more research is needed for better clinical treatment. The crosstalk
between Tregs and parenchymal cells is complex and needs more
investigation (Figure 3 and Table 3).

Apart from the cells mentioned above, the changes in
neutrophils, natural killer (NK) cells, eosinophils, and mast cells
had also been observed in heart injury. Tregs reduced the infiltration
of neutrophils after acute heart injury and ameliorated heart
function. Just like what was observed in bone marrow transplant
tolerance inmice, Tregs may also promote the education of NK cells
(22, 131). Moreover, suppressing mast cell degranulation is another
function of Tregs. However, whether this mechanism is involved in
HF needs further research (132). Although Liu et al. (133) had
reported a protective role of eosinophils in MI recently, whether
Tregs help the effect of eosinophils deserves further study.
CONCLUSIONS AND PERSPECTIVES

The crosstalk between Tregs and immune cells or parenchymal
cells is complex. Numerous preclinical studies on Tregs have been
conducted in type 1 diabetes, organ transplantation, and
autoimmune diseases. Evidence supported that Tregs were safe
in protecting patients of autoimmune diseases and organ
transplant rejection. In recent years, researchers found that
antigen-specific Tregs and engineered Tregs were more efficient
in the treatment of disease. They had stronger suppression
function or more precisely accumulated after injury compared
with polyclonal Tregs (134). However, it is worth noting that
treatment with Tregs may cause systemic immune disorders
sometimes. Manufacturing Tregs for clinical applications and
monitoring the biological functions of transferred Tregs in vivo
are needed to be addressed firstly. Furthermore, finding ways for
commercialization of Treg-based therapy is also a great challenge.

Despite the difficulties, next-generation sequencing, including
bulk sequence and single-cell sequence, gives us the chance to
explore the functions of immune and parenchymal cells in heart
development and injury. More importantly, single-cell
sequencing helps us to map the development trajectories of
cells by in-depth analysis of the transcriptome characteristics
of single cells. The characteristics of individual Tregs had been
described in atherosclerosis, myocarditis, MI, and pressure
overload-induced HF in mice (4, 5, 20, 135). We also reported
the differences in transcriptome characteristics between heart
Tregs and splenic Tregs after MI and described an oligoclonal
feature of heart Tregs (20). All the results assisted us to identify
the subset of Tregs that is beneficial in tissue repair or prognosis
of HF.
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FIGURE 3 | Regulatory T cells (Tregs) interact with cardiac parenchymal cells. Tregs regulate the functions of cardiac parenchymal cells through cell-to-cell contact
or molecule secretion. For cardiomyocytes, Tregs inhibit pro-inflammatory factor production and reduce the apoptosis of cardiomyocytes after heart injury in adult
mice. Moreover, they directly promote the proliferation of cardiomyocytes in injured mice of a week old or pregnant. Tregs inhibit pro-inflammatory factor production
of fibroblasts and promote collagen III synthesis in fibroblasts through secreted protein acidic and rich in cysteine (SPARC) secretion in the infarcted area. Tregs
inhibit fibrosis of the interstitial zone by regulating fibroblast activation. Tregs inhibit the activation of endothelial cells (ECs) and reduce the migration of leukocytes. In
the early stage of heart injury, Tregs promote angiogenesis. However, dysfunctional pro-inflammatory Tregs in heart failure inhibit the effect.
TABLE 3 | The interaction between tregs and parenchymal cells in HF .

Cell Type Parenchymal Cells in HF Interaction Between Tregs and Parenchymal cells

Cardiomyocyte Cardiomyocyte is the main cell type in the heart. It participates in
heart contraction and produces pro-inflammatory factors under
stress conditions.

①Tregs reduced pro-inflammatory factor production of hypoxic cardiomyocytes
in vitro (22).
②Tregs reduced the apoptosis of hypoxic cardiomyocytes and ameliorated
cardiac function in MI mice (22, 26).
③Tregs promoted cardiomyocyte proliferation directly (116, 117).

Fibroblast Fibroblast is the main cell type in the heart. During heart damage,
fibroblasts are activated and participate in tissue repair and adverse
ventricular remodeling.
①Fibroblasts in the heart were heterogeneous populations and
constituted multiple subsets. FSP1-expressing fibroblasts participated
in promoting angiogenesis and played a protective role in MI (118, 120).
②Excessive activation of fibroblasts and diminished apoptosis of
myofibroblasts participated in poor repair after heart injury (119).

①Tregs accumulated in MI heart produced SPARC, which reduced heart rupture
by increasing the production of collagen III in fibroblasts. In vitro, coculture of
fibroblasts with SPARC-overexpressing Tregs had the same effect (20).
②In vitro, Tregs reduced the expression of a-SMA and MMP3 in fibroblasts and
attenuated the contraction of fibroblast-populated collagen pads (52).

Endothelial cell
(EC)

Cardiac ECs participate in the regulation of vascular integrity and
have dual effects in coagulation and anti-coagulation.
①Hypoxia promoted activated ECs to form vessels in ischemic and
hypertrophic hearts (121).

①Elimination of Tregs decreased the production of vascular protective related
proteins in ECs and worsened pulmonary hypertension. In coculture of human
heart microvascular ECs with Tregs, these proteins increased (122).
②Tregs inhibited the activation of ECs induced by ox-LDL, LPS, fine particles,
and vasoactive substances (123–125).
③Adoptive transfer of Tregs induced an increase in small capillaries in MI (97).
④Tregs became Th1-like cells with an antiangiogenic effect in HF. This effect was
related to the expression of TNFR1 on Tregs (31).
⑤Tregs protected the integrity of vascular endothelium and reduced the
leukocyte transcellular migration (127).
⑥In coculture of Tregs with HUVECs, the suppressive function of Tregs on
effector T cells increased (129).
⑦HLA-DR+ ECs promoted Treg proliferation through the surface marker
CD54 (130).
Frontiers in Imm
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FSP, fibroblast specific protein; MI, myocardial infarction; EC, endothelial cells; SPARC, secreted protein acidic and rich in cysteine; SMA, smooth muscle actin; MMP, matrix
metalloproteinase; ox-LDL, Oxidation Low Lipoprotein; LPS, lipopolysaccharide; HF, heart failure; TNFR, tumor necrosis factor receptor; HUVEC, human umbilical vein endothelial cell;
HLA, human leukocyte antigen.
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Different pathophysiological changes exist in acute heart injury
and HF. What needs to be solved urgently now is to dynamically
describe the transcriptomic and TCR characteristics of Tregs along
the development of HF. Based on this, modifying Tregs, such as
generating heart injury-related CAR-Treg or constructing Treg
with heart antigen-specific TCR, may inhibit excessive immune
responses and regulate the functions of immune or parenchymal
cells more powerfully. Compared with total Tregs, application of
specific molecules of Tregs in vivo, such as some cytokines or
transcription factors of heart Tregs, may be another potential
choice. We believe that individualized treatment of HF will come
true eventually with the development of biotechnologies.
Describing the characteristics of the target cells of Tregs in HF
in detail and understanding the mechanisms of their interactions
will help us choose the most suitable method in the individualized
therapy of HF.

In this review, we summarized the latest studies on Tregs in
the early stage of heart injury and HF. At the same time, we
described the interactions between Tregs and their target cells in
HF and HF-related diseases, which will help us form a big picture
Frontiers in Immunology | www.frontiersin.org 11
of the inflammatory responses related to HF. Combining the
latest technology methods with the basic knowledge of Tregs
would contribute to the individualized treatment of HF. Taking
different interventions based on different stages of heart injury
may maximize the benefits of patients.
AUTHOR CONTRIBUTIONS

YL and NX conceptualized this review, decided on the content,
and wrote the manuscript. YL prepared the tables and figures.
XC revised this review. All authors contributed to the article and
approved the submitted version.
FUNDING

This work was supported by grants from the National Natural
Science Foundation of China [No. 81770503 to NX; 81900451
to YL].
REFERENCES

1. Inamdar AA, Inamdar AC. Heart Failure: Diagnosis, Management and
Utilization. J Clin Med (2016) 5(7):62–90. doi: 10.3390/jcm5070062

2. Ziaeian B, Fonarow GC. Epidemiology and Aetiology of Heart Failure. Nat
Rev Cardiol (2016) 13(6):368–78. doi: 10.1038/nrcardio.2016.25

3. Tanai E, Frantz S. Pathophysiology of Heart Failure. Compr Physiol (2015) 6
(1):187–214. doi: 10.1002/cphy.c140055

4. Hua X, Hu G, Hu Q, Chang Y, Hu Y, Gao L, et al. Single-Cell RNA
Sequencing to Dissect the Immunological Network of Autoimmune
Myocarditis. Circulation (2020) 142(4):384–400. doi: 10.1161/
CIRCULATIONAHA.119.043545

5. Martini E, Kunderfranco P, Peano C, Carullo P, Cremonesi M, Schorn T,
et al. Single-Cell Sequencing of Mouse Heart Immune Infiltrate in Pressure
Overload-Driven Heart Failure Reveals Extent of Immune Activation.
Circulation (2019) 140(25):2089–107. doi: 10.1161/CIRCULATIONAHA.
119.041694

6. Van Linthout S, Tschöpe C. The Quest for Antiinflammatory and
Immunomodulatory Strategies in Heart Failure. Clin Pharmacol Ther
(2019) 106(6):1198–208. doi: 10.1002/cpt.1637

7. Abbas AK, Benoist C, Bluestone JA, Campbell DJ, Ghosh S, Hori S,
et al. Regulatory T Cells: Recommendations to Simplify the
Nomenclature. Nat Immunol (2013) pp:307–8. doi: 10.1038/ni.2554

8. Green EA, Gorelik L, McGregor CM, Tran EH, Flavell RA. CD4+CD25+ T
Regulatory Cells Control Anti-Islet CD8+ T Cells Through TGF-Beta-TGF-
Beta Receptor Interactions in Type 1 Diabetes. Proc Natl Acad Sci USA
(2003) 100(19):10878–83. doi: 10.1073/pnas.1834400100

9. Collison LW, Chaturvedi V, Henderson AL, Giacomin PR, Guy C, Bankoti J,
et al. IL-35-Mediated Induction of a Potent Regulatory T Cell Population.
Nat Immunol (2010) 11(12):1093–101. doi: 10.1038/ni.1952

10. Kim HJ, Hwang SJ, Kim BK, Jung KC, Chung DH. NKT Cells Play Critical
Roles in the Induction of Oral Tolerance by Inducing Regulatory T Cells
Producing IL-10 and Transforming Growth Factor Beta, and by Clonally
Deleting Antigen-Specific T Cells. Immunology (2006) 118(1):101–11.
doi: 10.1111/j.1365-2567.2006.02346.x

11. Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, et al.
Immunologic Self-Tolerance Maintained by CD25(+)CD4(+) Regulatory T
Cells Constitutively Expressing Cytotoxic T Lymphocyte-Associated
Antigen 4. J Exp Med (2000) 192(2):303–10. doi: 10.1084/jem.192.2.303

12. Liang B, Workman C, Lee J, Chew C, Dale BM, Colonna L, et al. Regulatory
T Cells Inhibit Dendritic Cells by Lymphocyte Activation Gene-3
Engagement of MHC Class II. J Immunol (2008) 180(9):5916–26.
doi: 10.4049/jimmunol.180.9.5916

13. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A,
Giometto R, et al. Expression of Ectonucleotidase CD39 by Foxp3+ Treg
Cells: Hydrolysis of Extracellular ATP and Immune Suppression. Blood
(2007) 110(4):1225–32. doi: 10.1182/blood-2006-12-064527

14. Gondek DC, Lu LF, Quezada SA, Sakaguchi S, Noelle RJ. Cutting Edge:
Contact-Mediated Suppression by CD4+CD25+ Regulatory Cells Involves a
Granzyme B-Dependent, Perforin-Independent Mechanism. J Immunol
(2005) 174(4):1783–6. doi: 10.4049/jimmunol.174.4.1783

15. Cipolletta D, Feuerer M, Li A, Kamei N, Lee J, Shoelson SE, et al. PPAR-
Gamma is a Major Driver of the Accumulation and Phenotype of Adipose
Tissue Treg Cells. Nature (2012) 486(7404):549–53. doi: 10.1038/nature11132

16. Burzyn D, Kuswanto W, Kolodin D, Shadrach JL, Cerletti M, Jang Y, et al. A
Special Population of Regulatory T Cells Potentiates Muscle Repair. Cell
(2013) 155(6):1282–95. doi: 10.1016/j.cell.2013.10.054

17. Ali N, Zirak B, Rodriguez RS, Pauli ML, Truong HA, Lai K, et al. Regulatory
T Cells in Skin Facilitate Epithelial Stem Cell Differentiation. Cell (2017) 169
(6):1119–29.e11. doi: 10.1016/j.cell.2017.05.002

18. Ito M, Komai K, Mise-Omata S, Iizuka-Koga M, Noguchi Y, Kondo T, et al.
Brain Regulatory T Cells Suppress Astrogliosis and Potentiate Neurological
Recovery.Nature (2019) 565(7738):246–50. doi: 10.1038/s41586-018-0824-5

19. Mock JR, Dial CF, Tune MK, Norton DL, Martin JR, Gomez JC, et al.
Transcriptional Analysis of Foxp3+ Tregs and Functions of Two Identified
Molecules During Resolution of ALI. JCI Insight (2019) 4(6):e124958.
doi: 10.1172/jci.insight.124958

20. Xia N, Lu Y, Gu M, Li N, Liu M, Jiao J, et al. A Unique Population of Regulatory
T Cells in Heart Potentiates Cardiac Protection From Myocardial Infarction.
Circulation (2020) 142(20):1956–73. doi: 10.1161/CIRCULATIONAHA.
120.046789

21. Weirather J, Hofmann UD, Beyersdorf N, Ramos GC, Vogel B, Frey A, et al.
Foxp3+ CD4+ T Cells Improve Healing After Myocardial Infarction by
Modulating Monocyte/Macrophage Differentiation. Circ Res (2014) 115
(1):55–67. doi: 10.1161/CIRCRESAHA.115.303895

22. Tang TT, Yuan J, Zhu ZF, Zhang WC, Xiao H, Xia N, et al. Regulatory T
Cells Ameliorate Cardiac Remodeling After Myocardial Infarction. Basic Res
Cardiol (2012) 107(1):232. doi: 10.1007/s00395-011-0232-6

23. Xia N, Jiao J, Tang TT, Lv BJ, Lu YZ, Wang KJ, et al. Activated Regulatory
T-Cells Attenuate Myocardial Ischaemia/Reperfusion Injury Through a
CD39-Dependent Mechanism. Clin Sci (Lond) (2015) 128(10):679–93.
doi: 10.1042/CS20140672
September 2021 | Volume 12 | Article 732794

https://doi.org/10.3390/jcm5070062
https://doi.org/10.1038/nrcardio.2016.25
https://doi.org/10.1002/cphy.c140055
https://doi.org/10.1161/CIRCULATIONAHA.119.043545
https://doi.org/10.1161/CIRCULATIONAHA.119.043545
https://doi.org/10.1161/CIRCULATIONAHA.119.041694
https://doi.org/10.1161/CIRCULATIONAHA.119.041694
https://doi.org/10.1002/cpt.1637
https://doi.org/10.1038/ni.2554
https://doi.org/10.1073/pnas.1834400100
https://doi.org/10.1038/ni.1952
https://doi.org/10.1111/j.1365-2567.2006.02346.x
https://doi.org/10.1084/jem.192.2.303
https://doi.org/10.4049/jimmunol.180.9.5916
https://doi.org/10.1182/blood-2006-12-064527
https://doi.org/10.4049/jimmunol.174.4.1783
https://doi.org/10.1038/nature11132
https://doi.org/10.1016/j.cell.2013.10.054
https://doi.org/10.1016/j.cell.2017.05.002
https://doi.org/10.1038/s41586-018-0824-5
https://doi.org/10.1172/jci.insight.124958
https://doi.org/10.1161/CIRCULATIONAHA.120.046789
https://doi.org/10.1161/CIRCULATIONAHA.120.046789
https://doi.org/10.1161/CIRCRESAHA.115.303895
https://doi.org/10.1007/s00395-011-0232-6
https://doi.org/10.1042/CS20140672
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lu et al. Tregs in Heart Failure
24. Webster KE,Walters S, Kohler RE,Mrkvan T, BoymanO, Surh CD, et al. In Vivo
Expansion of T Reg Cells With IL-2-mAb Complexes: Induction of Resistance to
EAEandLong-TermAcceptanceof IsletAllograftsWithout Immunosuppression.
J Exp Med (2009) 206(4):751–60. doi: 10.1084/jem.20082824

25. Xiao J, Yu K, Li M, Xiong C, Wei Y, Zeng Q. The IL-2/Anti-IL-2 Complex
Attenuates Cardiac Ischaemia-Reperfusion Injury Through Expansion of
Regulatory T Cells. Cell Physiol Biochem (2017) 44(5):1810–27. doi: 10.1159/
000485818

26. Zeng Z, Yu K, Chen L, Li W, Xiao H, Huang Z. Interleukin-2/Anti-Interleukin-2
Immune Complex Attenuates Cardiac Remodeling After Myocardial Infarction
Through Expansion of Regulatory T Cells. J Immunol Res (2016) 2016:8493767.
doi: 10.1155/2016/8493767

27. Matta BM, Turnquist HR. Expansion of Regulatory T Cells In Vitro and In
Vivo by IL-33. Methods Mol Biol (2016) 1371:29–41. doi: 10.1007/978-1-
4939-3139-2_3

28. Kvakan H, Kleinewietfeld M, Qadri F, Park JK, Fischer R, Schwarz I, et al.
Regulatory T Cells Ameliorate Angiotensin II-Induced Cardiac Damage.
Circulation (2009) 119(22):2904–12. doi: 10.1161/CIRCULATIONAHA.
108.832782

29. Shi Y, Fukuoka M, Li G, Liu Y, Chen M, Konviser M, et al. Regulatory T Cells
Protect Mice Against Coxsackievirus-Induced Myocarditis Through the
Transforming Growth Factor Beta-Coxsackie-Adenovirus Receptor Pathway.
Circulation (2010) 121(24):2624–34. doi: 10.1161/CIRCULATIONAHA.
109.893248

30. Wang Y, Dembowsky K, Chevalier E, Stuve P, Korf-Klingebiel M, Lochner
M, et al. C-X-C Motif Chemokine Receptor 4 Blockade Promotes Tissue
Repair After Myocardial Infarction by Enhancing Regulatory T Cell
Mobilization and Immune-Regulatory Function. Circulation (2019) 139
(15):1798–812. doi: 10.1161/CIRCULATIONAHA.118.036053

31. Bansal SS, Ismahil MA, Goel M, Zhou G, Rokosh G, Hamid T, et al.
Dysfunctional and Proinflammatory Regulatory T-Lymphocytes Are
Essential for Adverse Cardiac Remodeling in Ischemic Cardiomyopathy.
Circulation (2019) 139(2):206–21. doi: 10.1161/CIRCULATIONAHA.
118.036065

32. Wigren M, Bjorkbacka H, Andersson L, Ljungcrantz I, Fredrikson GN,
Persson M, et al. Low Levels of Circulating CD4+FoxP3+ T Cells are
Associated With an Increased Risk for Development of Myocardial
Infarction But Not for Stroke. Arterioscler Thromb Vasc Biol (2012) 32
(8):2000–4. doi: 10.1161/ATVBAHA.112.251579

33. Okamoto N, Noma T, Ishihara Y, Miyauchi Y, Takabatake W, Oomizu S,
et al. Prognostic Value of Circulating Regulatory T Cells for Worsening
Heart Failure in Heart Failure Patients With Reduced Ejection Fraction. Int
Heart J (2014) 55(3):271–7. doi: 10.1536/ihj.13-343

34. Lin YZ, Lu SH, Lu ZD, Huang Y, Shi Y, Liu L, et al. Downregulation of CD4
+LAP+ and CD4+CD25+ Regulatory T Cells in Acute Coronary Syndromes.
Mediators Inflammation (2013) 2013:764082. doi: 10.1155/2013/764082

35. Ghourbani Gazar S, Andalib A, Hashemi M, Rezaei A. CD4(+)Foxp3(+)
Treg and its ICOS(+) Subsets in Patients With Myocardial Infarction. Iran J
Immunol (2012) 9(1):53–60. doi: ljlv9iA5

36. Klingenberg R, Brokopp CE, Grives A, Courtier A, Jaguszewski M, Pasqual
N, et al. Clonal Restriction and Predominance of Regulatory T Cells in
Coronary Thrombi of Patients With Acute Coronary Syndromes. Eur Heart
J (2015) 36(17):1041–8. doi: 10.1093/eurheartj/eht543

37. Tang TT, Ding YJ, Liao YH, Yu X, Xiao H, Xie JJ, et al. Defective Circulating
CD4CD25+Foxp3+CD127(low) Regulatory T-Cells in Patients With
Chronic Heart Failure. Cell Physiol Biochem (2010) 25(4-5):451–8.
doi: 10.1159/000303050

38. Tang H, Zhong Y, Zhu Y, Zhao F, Cui X, Wang Z. Low Responder T Cell
Susceptibility to the Suppressive Function of Regulatory T Cells in Patients
With Dilated Cardiomyopathy. Heart (2010) 96(10):765–71. doi: 10.1136/
hrt.2009.184945

39. Wei Y, Yu K, Wei H, Su X, Zhu R, Shi H, et al. CD4(+) CD25(+) GARP(+)
Regulatory T Cells Display a Compromised Suppressive Function in Patients
With Dilated Cardiomyopathy. Immunology (2017) 151(3):291–303.
doi: 10.1111/imm.12728

40. Cheng X, Yu X, Ding YJ, Fu QQ, Xie JJ, Tang TT, et al. The Th17/Treg
Imbalance in Patients With Acute Coronary Syndrome. Clin Immunol
(2008) 127(1):89–97. doi: 10.1016/j.clim.2008.01.009
Frontiers in Immunology | www.frontiersin.org 12
41. Tang TT, Zhu ZF, Wang J, ZhangWC, Tu X, Xiao H, et al. Impaired Thymic
Export and Apoptosis Contribute to Regulatory T-Cell Defects in Patients
With Chronic Heart Failure. PLoS One (2011) 6(9):e24272. doi: 10.1371/
journal.pone.0024272

42. Hammer A, Sulzgruber P, Koller L, Kazem N, Hofer F, Richter B, et al. The
Prognostic Impact of Circulating Regulatory T Lymphocytes on Mortality in
Patients With Ischemic Heart Failure With Reduced Ejection Fraction.
Mediators Inflammation (2020) 2020:6079713. doi: 10.1155/2020/6079713

43. You Y, Huang S, Liu H, Fan C, Liu K, Wang Z. Soluble Fibrinogenlike
Protein 2 Levels are Decreased in Patients With Ischemic Heart Failure and
Associated With Cardiac Function. Mol Med Rep (2021) 24(2):1–9.
doi: 10.3892/mmr.2021.12198

44. Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V,
Panizzi P, et al. Identification of Splenic Reservoir Monocytes and Their
Deployment to Inflammatory Sites. Science (2009) 325(5940):612–6.
doi: 10.1126/science.1175202

45. Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage
Plasticity and Polarization in Tissue Repair and Remodelling. J Pathol (2013)
229(2):176–85. doi: 10.1002/path.4133

46. Ismahil MA, Hamid T, Bansal SS, Patel B, Kingery JR, Prabhu SD.
Remodeling of the Mononuclear Phagocyte Network Underlies Chronic
Inflammation and Disease Progression in Heart Failure: Critical Importance
of the Cardiosplenic Axis. Circ Res (2014) 114(2):266–82. doi: 10.1161/
CIRCRESAHA.113.301720

47. Sager HB, Hulsmans M, Lavine KJ, Moreira MB, Heidt T, Courties G, et al.
Proliferation and Recruitment Contribute to Myocardial Macrophage
Expansion in Chronic Heart Failure. Circ Res (2016) 119(7):853–64.
doi: 10.1161/CIRCRESAHA.116.309001

48. van Amerongen MJ, Harmsen MC, van Rooijen N, Petersen AH, van Luyn
MJ. Macrophage Depletion Impairs Wound Healing and Increases Left
Ventricular Remodeling After Myocardial Injury in Mice. Am J Pathol
(2007) 170(3):818–29. doi: 10.2353/ajpath.2007.060547

49. Dick SA, Macklin JA, Nejat S, Momen A, Clemente-Casares X, Althagafi
MG, et al. Self-Renewing Resident Cardiac Macrophages Limit Adverse
Remodeling Following Myocardial Infarction. Nat Immunol (2019) 20
(1):29–39. doi: 10.1038/s41590-018-0272-2

50. Patel B, Bansal SS, Ismahil MA, Hamid T, Rokosh G, Mack M, et al. CCR2
(+) Monocyte-Derived Infiltrating Macrophages Are Required for Adverse
Cardiac Remodeling During Pressure Overload. JACC Basic Transl Sci
(2018) 3(2):230–44. doi: 10.1016/j.jacbts.2017.12.006

51. Bajpai G, Schneider C, Wong N, Bredemeyer A, Hulsmans M, Nahrendorf
M, et al. The Human Heart Contains Distinct Macrophage Subsets With
Divergent Origins and Functions. Nat Med (2018) 24(8):1234–45.
doi: 10.1038/s41591-018-0059-x

52. Saxena A, Dobaczewski M, Rai V, Haque Z, Chen W, Li N, et al. Regulatory
T Cells are Recruited in the Infarcted Mouse Myocardium and may
Modulate Fibroblast Phenotype and Function. Am J Physiol Heart Circ
Physiol (2014) 307(8):H1233–42. doi: 10.1152/ajpheart.00328.2014

53. Jia D, Jiang H, Weng X, Wu J, Bai P, Yang W, et al. Interleukin-35 Promotes
Macrophage Survival and Improves Wound Healing After Myocardial
Infarction in Mice. Circ Res (2019) 124(9):1323–36. doi: 10.1161/
CIRCRESAHA.118.314569

54. Hu H, Wu J, Cao C, Ma L. Exosomes Derived From Regulatory T Cells
Ameliorate Acute Myocardial Infarction by Promoting Macrophage M2
Polarization. IUBMB Life (2020) 72(11):2409–19. doi: 10.1002/iub.2364

55. Tiemessen MM, Jagger AL, Evans HG, van Herwijnen MJ, John S, Taams LS.
CD4+CD25+Foxp3+ Regulatory T Cells Induce Alternative Activation of
Human Monocytes/Macrophages. Proc Natl Acad Sci USA (2007) 104
(49):19446–51. doi: 10.1073/pnas.0706832104

56. Pappritz K, Savvatis K, Miteva K, Kerim B, Dong F, Fechner H, et al.
Immunomodulation by Adoptive Regulatory T-Cell Transfer Improves
Coxsackievirus B3-Induced Myocarditis. FASEB J (2018) 21(11):
fj201701408R. doi: 10.1096/fj.201701408R

57. AnzaiA,Anzai T,Nagai S,MaekawaY,NaitoK,KanekoH, et al. RegulatoryRole of
Dendritic Cells in Postinfarction Healing and Left Ventricular Remodeling.
Circulation (2012)125(10):1234–45.doi:10.1161/CIRCULATIONAHA.111.052126

58. Naito K, Anzai T, Sugano Y, Maekawa Y, Kohno T, Yoshikawa T, et al.
Differential Effects of GM-CSF and G-CSF on Infiltration of Dendritic Cells
September 2021 | Volume 12 | Article 732794

https://doi.org/10.1084/jem.20082824
https://doi.org/10.1159/000485818
https://doi.org/10.1159/000485818
https://doi.org/10.1155/2016/8493767
https://doi.org/10.1007/978-1-4939-3139-2_3
https://doi.org/10.1007/978-1-4939-3139-2_3
https://doi.org/10.1161/CIRCULATIONAHA.108.832782
https://doi.org/10.1161/CIRCULATIONAHA.108.832782
https://doi.org/10.1161/CIRCULATIONAHA.109.893248
https://doi.org/10.1161/CIRCULATIONAHA.109.893248
https://doi.org/10.1161/CIRCULATIONAHA.118.036053
https://doi.org/10.1161/CIRCULATIONAHA.118.036065
https://doi.org/10.1161/CIRCULATIONAHA.118.036065
https://doi.org/10.1161/ATVBAHA.112.251579
https://doi.org/10.1536/ihj.13-343
https://doi.org/10.1155/2013/764082
https://doi.org/ljlv9iA5
https://doi.org/10.1093/eurheartj/eht543
https://doi.org/10.1159/000303050
https://doi.org/10.1136/hrt.2009.184945
https://doi.org/10.1136/hrt.2009.184945
https://doi.org/10.1111/imm.12728
https://doi.org/10.1016/j.clim.2008.01.009
https://doi.org/10.1371/journal.pone.0024272
https://doi.org/10.1371/journal.pone.0024272
https://doi.org/10.1155/2020/6079713
https://doi.org/10.3892/mmr.2021.12198
https://doi.org/10.1126/science.1175202
https://doi.org/10.1002/path.4133
https://doi.org/10.1161/CIRCRESAHA.113.301720
https://doi.org/10.1161/CIRCRESAHA.113.301720
https://doi.org/10.1161/CIRCRESAHA.116.309001
https://doi.org/10.2353/ajpath.2007.060547
https://doi.org/10.1038/s41590-018-0272-2
https://doi.org/10.1016/j.jacbts.2017.12.006
https://doi.org/10.1038/s41591-018-0059-x
https://doi.org/10.1152/ajpheart.00328.2014
https://doi.org/10.1161/CIRCRESAHA.118.314569
https://doi.org/10.1161/CIRCRESAHA.118.314569
https://doi.org/10.1002/iub.2364
https://doi.org/10.1073/pnas.0706832104
https://doi.org/10.1096/fj.201701408R
https://doi.org/10.1161/CIRCULATIONAHA.111.052126
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lu et al. Tregs in Heart Failure
During Early Left Ventricular Remodeling After Myocardial Infarction.
J Immunol (2008) 181(8):5691–701. doi: 10.4049/jimmunol.181.8.5691

59. Tung SL, Boardman DA, Sen M, Letizia M, Peng Q, Cianci N, et al.
Regulatory T Cell-Derived Extracellular Vesicles Modify Dendritic Cell
Function. Sci Rep (2018) 8(1):6065. doi: 10.1038/s41598-018-24531-8

60. Chattopadhyay G, Shevach EM. Antigen-Specific Induced T Regulatory Cells
ImpairDendriticCell Functionvia anIL-10/MARCH1-DependentMechanism.
J Immunol (2013) 191(12):5875–84. doi: 10.4049/jimmunol.1301693

61. Van der Borght K, Scott CL, Nindl V, Bouche A, Martens L, Sichien D, et al.
Myocardial Infarction Primes Autoreactive T Cells Through Activation of
Dendritic Cells. Cell Rep (2017) 18(12):3005–17. doi: 10.1016/j.celrep.
2017.02.079

62. Choo EH, Lee JH, Park EH, Park HE, Jung NC, Kim TH, et al. Infarcted
Myocardium-Primed Dendritic Cells Improve Remodeling and Cardiac
Function After Myocardial Infarction by Modulating the Regulatory T
Cell and Macrophage Polarization. Circulation (2017) 135(15):1444–57.
doi: 10.1161/CIRCULATIONAHA.116.023106

63. Santos ES, de Aragao-Franca LS, Meira CS, Cerqueira JV, Vasconcelos JF,
Nonaka CKV, et al. Tolerogenic Dendritic Cells Reduce Cardiac
Inflammation and Fibrosis in Chronic Chagas Disease. Front Immunol
(2020) 11:488. doi: 10.3389/fimmu.2020.00488

64. Lee JH, Kim TH, Park HE, Lee EG, Jung NC, Song JY, et al. Myosin-Primed
Tolerogenic Dendritic Cells Ameliorate Experimental Autoimmune
Myocarditis. Cardiovasc Res (2014) 101(2):203–10. doi: 10.1093/cvr/cvt246

65. Proto JD, Doran AC, Gusarova G, Yurdagul AJr., Sozen E, Subramanian M,
et al. Regulatory T Cells Promote Macrophage Efferocytosis During
Inflammation Resolution. Immunity (2018) 49(4):666–77.e6. doi: 10.1016/
j.immuni.2018.07.015

66. Patel B, Ismahil MA, Hamid T, Bansal SS, Prabhu SD. Mononuclear
Phagocytes Are Dispensable for Cardiac Remodeling in Established
Pressure-Overload Heart Failure. PLoS One (2017) 12(1):e0170781.
doi: 10.1371/journal.pone.0170781

67. Yan X, Anzai A, Katsumata Y, Matsuhashi T, Ito K, Endo J, et al. Temporal
Dynamics of Cardiac Immune Cell Accumulation Following Acute
Myocardial Infarction. J Mol Cell Cardiol (2013) 62:24–35. doi: 10.1016/
j.yjmcc.2013.04.023

68. Forte E, Perkins B, Sintou A, Kalkat HS, Papanikolaou A, Jenkins C, et al.
Cross-Priming Dendritic Cells Exacerbate Immunopathology After
Ischemic Tissue Damage in the Heart. Circulation (2021) 143(8):821–36.
doi: 10.1161/CIRCULATIONAHA.120.044581

69. Sugi Y, Yasukawa H, Kai H, Fukui D, Futamata N, Mawatari K, et al.
Reduction and Activation of Circulating Dendritic Cells in Patients With
Decompensated Heart Failure. Int J Cardiol (2011) 147(2):258–64.
doi: 10.1016/j.ijcard.2009.09.524

70. Pistulli R, Hammer N, Rohm I, Kretzschmar D, Jung C, Figulla HR, et al.
Decrease of Circulating Myeloid Dendritic Cells in Patients With Chronic
Heart Failure. Acta Cardiol (2016) 71(2):165–72. doi: 10.2143/AC.
71.2.3141846

71. Pistulli R, Konig S, Drobnik S, Kretzschmar D, Rohm I, Lichtenauer M, et al.
Decrease in Dendritic Cells in Endomyocardial Biopsies of Human Dilated
Cardiomyopathy. Eur J Heart Fail (2013) 15(9):974–85. doi: 10.1093/eurjhf/
hft054

72. Athanassopoulos P, Balk AH, Vaessen LM, Caliskan K, Takkenberg JJ,
Weimar W, et al. Blood Dendritic Cell Levels and Phenotypic Characteristics
in Relation to Etiology of End-Stage Heart Failure: Implications for Dilated
Cardiomyopathy. Int J Cardiol (2009) 131(2):246–56. doi: 10.1016/
j.ijcard.2007.10.031

73. Athanassopoulos P, Vaessen LM, Maat AP, Balk AH, Weimar W, Bogers AJ.
Peripheral Blood Dendritic Cells in Human End-Stage Heart Failure and the
Early Post-Transplant Period: Evidence for Systemic Th1 Immune
Responses. Eur J Cardiothorac Surg (2004) 25(4):619–26. doi: 10.1016/
j.ejcts.2004.01.032

74. Cederbom L, Hall H, Ivars F. CD4+CD25+ Regulatory T Cells Down-
Regulate Co-Stimulatory Molecules on Antigen-Presenting Cells. Eur J
Immunol (2000) 30(6):1538–43. doi: 10.1002/1521-4141(200006)
30:6<1538::AID-IMMU1538>3.0.CO;2-X

75. Misra N, Bayry J, Lacroix-Desmazes S, Kazatchkine MD, Kaveri SV. Cutting
Edge: Human CD4+CD25+ T Cells Restrain the Maturation and Antigen-
Frontiers in Immunology | www.frontiersin.org 13
Presenting Function of Dendritic Cells. J Immunol (2004) 172(8):4676–80.
doi: 10.4049/jimmunol.172.8.4676

76. Kornete M, Piccirillo CA. Functional Crosstalk Between Dendritic Cells and
Foxp3(+) Regulatory T Cells in the Maintenance of Immune Tolerance.
Front Immunol (2012) 3:165. doi: 10.3389/fimmu.2012.00165

77. Hofmann U, Frantz S. Role of Lymphocytes in Myocardial Injury, Healing,
and Remodeling After Myocardial Infarction. Circ Res (2015) 116(2):354–67.
doi: 10.1161/CIRCRESAHA.116.304072

78. Hayen SM, Knulst AC, Garssen J, Otten HG, Willemsen LEM. Fructo-
Oligosaccharides Modify Human DC Maturation and Peanut-Induced
Autologous T-Cell Response of Allergic Patients In Vitro. Front Immunol
(2020) 11:600125. doi: 10.3389/fimmu.2020.600125

79. Hofmann U, Beyersdorf N, Weirather J, Podolskaya A, Bauersachs J, Ertl G,
et al. Activation of CD4+ T Lymphocytes Improves Wound Healing and
Survival After Experimental Myocardial Infarction in Mice. Circulation
(2012) 125(13):1652–63. doi: 10.1161/CIRCULATIONAHA.111.044164

80. Rieckmann M, Delgobo M, Gaal C, Buchner L, Steinau P, Reshef D, et al.
Myocardial Infarction Triggers Cardioprotective Antigen-Specific T Helper
Cell Responses. J Clin Invest (2019) 130:4922–36. doi: 10.1172/JCI123859

81. Bansal SS, Ismahil MA, Goel M, Patel B, Hamid T, Rokosh G, et al. Activated
T Lymphocytes are Essential Drivers of Pathological Remodeling in
Ischemic Heart Failure. Circ Heart Fail (2017) 10(3):e003688.
doi: 10.1161/CIRCHEARTFAILURE.116.003688

82. Yan X, Zhang H, Fan Q, Hu J, Tao R, Chen Q, et al. Dectin-2 Deficiency
Modulates Th1 Differentiation and Improves Wound Healing After
Myocardial Infarction. Circ Res (2017) 120(7):1116–29. doi: 10.1161/
CIRCRESAHA.116.310260

83. Yan X, Shichita T, Katsumata Y, Matsuhashi T, Ito H, Ito K, et al. Deleterious
Effect of the IL-23/IL-17A Axis and gammadeltaT Cells on Left Ventricular
Remodeling After Myocardial Infarction. J Am Heart Assoc (2012) 1(5):
e004408. doi: 10.1161/JAHA.112.004408

84. Zhou SF, Yuan J, Liao MY, Xia N, Tang TT, Li JJ, et al. IL-17A Promotes
Ventricular Remodeling After Myocardial Infarction. J Mol Med (Berl)
(2014) 92(10):1105–16. doi: 10.1007/s00109-014-1176-8

85. Liao YH, Xia N, Zhou SF, Tang TT, Yan XX, Lv BJ, et al. Interleukin-17A
Contributes to Myocardial Ischemia/Reperfusion Injury by Regulating
Cardiomyocyte Apoptosis and Neutrophil Infiltration. J Am Coll Cardiol
(2012) 59(4):420–9. doi: 10.1016/j.jacc.2011.10.863

86. Curato C, Slavic S, Dong J, Skorska A, Altarche-Xifro W, Miteva K, et al.
Identification of Noncytotoxic and IL-10-Producing CD8+AT2R+ T Cell
Population in Response to Ischemic Heart Injury. J Immunol (2010) 185
(10):6286–93. doi: 10.4049/jimmunol.0903681

87. Noutsias M, Rohde M, Goldner K, Block A, Blunert K, Hemaidan L, et al.
Expression of Functional T-Cell Markers and T-Cell Receptor Vbeta
Repertoire in Endomyocardial Biopsies From Patients Presenting With
Acute Myocarditis and Dilated Cardiomyopathy. Eur J Heart Fail (2011)
13(6):611–8. doi: 10.1093/eurjhf/hfr014

88. Tang TT, Zhu YC, Dong NG, Zhang S, Cai J, Zhang LX, et al. Pathologic T-
Cell Response in Ischaemic Failing Hearts Elucidated by T-Cell Receptor
Sequencing and Phenotypic Characterization. Eur Heart J (2019) 40
(48):3924–33. doi: 10.1093/eurheartj/ehz516

89. Zhang Q, Hu LQ, Yin CS, Chen P, Li HQ, Sun X, et al. Catechin Ameliorates
Cardiac Dysfunction in Rats With Chronic Heart Failure by Regulating the
Balance Between Th17 and Treg Cells. Inflamm Res (2014) 63(8):619–28.
doi: 10.1007/s00011-014-0734-4

90. Yan L, Hu F, Yan X, Wei Y, Ma W, Wang Y, et al. Inhibition of microRNA-
155 Ameliorates Experimental Autoimmune Myocarditis by Modulating
Th17/Treg Immune Response. J Mol Med (Berl) (2016) 94(9):1063–79.
doi: 10.1007/s00109-016-1414-3

91. Cheng H, Xi Y, Chi X, Wu Y, Liu G. Fenofibrate Treatment of Rats With
Experimental Autoimmune Myocarditis by Alleviating Treg/Th17 Disorder.
Cent Eur J Immunol (2016) 41(1):64–70. doi: 10.5114/ceji.2016.58817

92. Chen Z, Yan W, Mao Y, Ni Y, Zhou L, Song H, et al. Effect of Aerobic
Exercise on Treg and Th17 of Rats With Ischemic Cardiomyopathy.
J Cardiovasc Transl Res (2018) 11(3):230–5. doi: 10.1007/s12265-018-
9794-0

93. Cai YH, Ma ZJ, Lu XY, He EL, You MY. Study on the Effect and Mechanism
of the Dysfunction of CD4(+) T Cells in the Disease Process of Chronic
September 2021 | Volume 12 | Article 732794

https://doi.org/10.4049/jimmunol.181.8.5691
https://doi.org/10.1038/s41598-018-24531-8
https://doi.org/10.4049/jimmunol.1301693
https://doi.org/10.1016/j.celrep.2017.02.079
https://doi.org/10.1016/j.celrep.2017.02.079
https://doi.org/10.1161/CIRCULATIONAHA.116.023106
https://doi.org/10.3389/fimmu.2020.00488
https://doi.org/10.1093/cvr/cvt246
https://doi.org/10.1016/j.immuni.2018.07.015
https://doi.org/10.1016/j.immuni.2018.07.015
https://doi.org/10.1371/journal.pone.0170781
https://doi.org/10.1016/j.yjmcc.2013.04.023
https://doi.org/10.1016/j.yjmcc.2013.04.023
https://doi.org/10.1161/CIRCULATIONAHA.120.044581
https://doi.org/10.1016/j.ijcard.2009.09.524
https://doi.org/10.2143/AC.71.2.3141846
https://doi.org/10.2143/AC.71.2.3141846
https://doi.org/10.1093/eurjhf/hft054
https://doi.org/10.1093/eurjhf/hft054
https://doi.org/10.1016/j.ijcard.2007.10.031
https://doi.org/10.1016/j.ijcard.2007.10.031
https://doi.org/10.1016/j.ejcts.2004.01.032
https://doi.org/10.1016/j.ejcts.2004.01.032
https://doi.org/10.1002/1521-4141(200006)30:6%3C1538::AID-IMMU1538%3E3.0.CO;2-X
https://doi.org/10.1002/1521-4141(200006)30:6%3C1538::AID-IMMU1538%3E3.0.CO;2-X
https://doi.org/10.4049/jimmunol.172.8.4676
https://doi.org/10.3389/fimmu.2012.00165
https://doi.org/10.1161/CIRCRESAHA.116.304072
https://doi.org/10.3389/fimmu.2020.600125
https://doi.org/10.1161/CIRCULATIONAHA.111.044164
https://doi.org/10.1172/JCI123859
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003688
https://doi.org/10.1161/CIRCRESAHA.116.310260
https://doi.org/10.1161/CIRCRESAHA.116.310260
https://doi.org/10.1161/JAHA.112.004408
https://doi.org/10.1007/s00109-014-1176-8
https://doi.org/10.1016/j.jacc.2011.10.863
https://doi.org/10.4049/jimmunol.0903681
https://doi.org/10.1093/eurjhf/hfr014
https://doi.org/10.1093/eurheartj/ehz516
https://doi.org/10.1007/s00011-014-0734-4
https://doi.org/10.1007/s00109-016-1414-3
https://doi.org/10.5114/ceji.2016.58817
https://doi.org/10.1007/s12265-018-9794-0
https://doi.org/10.1007/s12265-018-9794-0
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lu et al. Tregs in Heart Failure
Cardiac Failure. Asian Pac J Trop Med (2016) 9(7):682–7. doi: 10.1016/
j.apjtm.2016.05.006

94. Li N, Bian H, Zhang J, Li X, Ji X, Zhang Y. The Th17/Treg Imbalance Exists
in Patients With Heart Failure With Normal Ejection Fraction and Heart
Failure With Reduced Ejection Fraction. Clin Chim Acta (2010) 411(23-
24):1963–8. doi: 10.1016/j.cca.2010.08.013

95. Almeida MS, Lorena VMB, Medeiros CA, Junior WO, Cavalcanti M,
Martins SM, et al. Alternative Th17 and CD4(+) CD25(+) FoxP3(+) Cell
Frequencies Increase and Correlate WithWorse Cardiac Function in Chagas
Cardiomyopathy. Scand J Immunol (2018) 87(4):e12650. doi: 10.1111/
sji.12650

96. Cheng X, Liao YH, Ge H, Li B, Zhang J, Yuan J, et al. TH1/TH2 Functional
Imbalance After Acute Myocardial Infarction: Coronary Arterial
Inflammation or Myocardial Inflammation. J Clin Immunol (2005) 25
(3):246–53. doi: 10.1007/s10875-005-4088-0

97. Sharir R, Semo J, Shimoni S, Ben-Mordechai T, Landa-Rouben N, Maysel-
Auslender S, et al. Experimental Myocardial Infarction Induces Altered
Regulatory T Cell Hemostasis, and Adoptive Transfer Attenuates Subsequent
Remodeling. PLoS One (2014) 9(12):e113653. doi: 10.1371/journal.pone.0113653

98. Matsumoto K, Ogawa M, Suzuki J, Hirata Y, Nagai R, Isobe M. Regulatory T
Lymphocytes Attenuate Myocardial Infarction-Induced Ventricular
Remodeling in Mice. Int Heart J (2011) 52(6):382–7. doi: 10.1536/ihj.52.382

99. Okoye IS, Coomes SM, Pelly VS, Czieso S, Papayannopoulos V, Tolmachova
T, et al. MicroRNA-Containing T-Regulatory-Cell-Derived Exosomes
Suppress Pathogenic T Helper 1 Cells. Immunity (2014) 41(1):89–103.
doi: 10.1016/j.immuni.2014.05.019

100. Zouggari Y, Ait-Oufella H, Bonnin P, Simon T, Sage AP, Guerin C, et al. B
Lymphocytes Trigger Monocyte Mobilization and Impair Heart Function
After Acute Myocardial Infarction. Nat Med (2013) 19(10):1273–80.
doi: 10.1038/nm.3284

101. Horckmans M, Bianchini M, Santovito D, Megens RTA, Springael JY, Negri
I, et al. Pericardial Adipose Tissue Regulates Granulopoiesis, Fibrosis, and
Cardiac Function After Myocardial Infarction. Circulation (2018) 137
(9):948–60. doi: 10.1161/CIRCULATIONAHA.117.028833

102. Cordero-Reyes AM, Youker KA, Trevino AR, Celis R, Hamilton DJ, Flores-
Arredondo JH, et al. Full Expression of Cardiomyopathy Is Partly Dependent
on B-Cells: A Pathway That Involves Cytokine Activation, Immunoglobulin
Deposition, and Activation of Apoptosis. J Am Heart Assoc (2016) 5(1):
e002484. doi: 10.1161/JAHA.115.002484

103. Ma XL, Lin QY, Wang L, Xie X, Zhang YL, Li HH. Rituximab Prevents and
Reverses Cardiac Remodeling by Depressing B Cell Function in Mice. BioMed
Pharmacother (2019) 114:108804. doi: 10.1016/j.biopha.2019.108804

104. Yu M, Wen S, Wang M, Liang W, Li HH, Long Q, et al. TNF-Alpha-
Secreting B Cells Contribute to Myocardial Fibrosis in Dilated
Cardiomyopathy. J Clin Immunol (2013) 33(5):1002–8. doi: 10.1007/
s10875-013-9889-y

105. Jiao J, Lu YZ, Xia N, Wang YQ, Tang TT, Nie SF, et al. Defective Circulating
Regulatory B Cells in Patients With Dilated Cardiomyopathy. Cell Physiol
Biochem (2018) 46(1):23–35. doi: 10.1159/000488405

106. Wu L, Dalal R, Cao CD, Postoak JL, Yang G, Zhang Q, et al. IL-10-Producing
B Cells are Enriched in Murine Pericardial Adipose Tissues and Ameliorate
the Outcome of Acute Myocardial Infarction. Proc Natl Acad Sci U S A
(2019) 116(43):21673–84. doi: 10.1073/pnas.1911464116

107. Zhu ZF, Tang TT, Dong WY, Li YY, Xia N, Zhang WC, et al. Defective
Circulating CD4+LAP+ Regulatory T Cells in Patients With Dilated
Cardiomyopathy. J Leukoc Biol (2015) 97(4):797–805. doi: 10.1189/
jlb.5A1014-469RR

108. Zheng M, Xing C, Xiao H, Ma N, Wang X, Han G, et al. Interaction of CD5
and CD72 is Involved in Regulatory T and B Cell Homeostasis. Immunol
Invest (2014) 43(7):705–16. doi: 10.3109/08820139.2014.917096

109. Stohl W, Yu N. Promotion of T Regulatory Cells in Mice by B Cells and
BAFF. J Immunol (2020) 204(9):2416–28. doi: 10.4049/jimmunol.1900057

110. Lee KM, Stott RT, Zhao G, SooHoo J, Xiong W, Lian MM, et al. TGF-Beta-
Producing Regulatory B Cells Induce Regulatory T Cells and Promote
Transplantation Tolerance. Eur J Immunol (2014) 44(6):1728–36.
doi: 10.1002/eji.201344062

111. LeBien TW, Tedder TF. B Lymphocytes: How They Develop and Function.
Blood (2008) 112(5):1570–80. doi: 10.1182/blood-2008-02-078071
Frontiers in Immunology | www.frontiersin.org 14
112. Quach TD, Rodriguez-Zhurbenko N, Hopkins TJ, Guo X, Hernandez AM, Li
W, et al. Distinctions Among Circulating Antibody-Secreting Cell
Populations, Including B-1 Cells, in Human Adult Peripheral Blood.
J Immunol (2016) 196(3):1060–9. doi: 10.4049/jimmunol.1501843

113. Mizoguchi A, Mizoguchi E, Takedatsu H, Blumberg RS, Bhan AK. Chronic
Intestinal Inflammatory Condition Generates IL-10-Producing Regulatory B
Cell Subset Characterized by CD1d Upregulation. Immunity (2002) 16
(2):219–30. doi: 10.1016/s1074-7613(02)00274-1

114. Lim HW, Hillsamer P, Banham AH, Kim CH. Cutting Edge: Direct
Suppression of B Cells by CD4+ CD25+ Regulatory T Cells. J Immunol
(2005) 175(7):4180–3. doi: 10.4049/jimmunol.175.7.4180

115. Gotot J, Gottschalk C, Leopold S, Knolle PA, Yagita H, Kurts C, et al.
Regulatory T Cells Use Programmed Death 1 Ligands to Directly Suppress
Autoreactive B Cells In Vivo. Proc Natl Acad Sci U S A (2012) 109
(26):10468–73. doi: 10.1073/pnas.1201131109

116. Zacchigna S, Martinelli V, Moimas S, Colliva A, Anzini M, Nordio A, et al.
Paracrine Effect of Regulatory T Cells Promotes Cardiomyocyte Proliferation
During Pregnancy and After Myocardial Infarction. Nat Commun (2018) 9
(1):2432. doi: 10.1038/s41467-018-04908-z

117. Li J, Yang KY, Tam RCY, Chan VW, Lan HY, Hori S, et al. Regulatory T-
Cells Regulate Neonatal Heart Regeneration by Potentiating Cardiomyocyte
Proliferation in a Paracrine Manner. Theranostics (2019) 9(15):4324–41.
doi: 10.7150/thno.32734

118. Farbehi N, Patrick R, Dorison A, Xaymardan M, Janbandhu V, Wystub-Lis
K, et al. Single-Cell Expression Profiling Reveals Dynamic Flux of Cardiac
Stromal, Vascular and Immune Cells in Health and Injury. Elife (2019) 8:
e43882. doi: 10.7554/eLife.43882

119. Shinde AV, Frangogiannis NG. Fibroblasts in Myocardial Infarction: A Role
in Inflammation and Repair. J Mol Cell Cardiol (2014) 70:74–82.
doi: 10.1016/j.yjmcc.2013.11.015

120. Saraswati S, Marrow SMW, Watch LA, Young PP. Identification of a Pro-
Angiogenic Functional Role for FSP1-Positive Fibroblast Subtype in Wound
Healing. Nat Commun (2019) 10(1):3027. doi: 10.1038/s41467-019-10965-9

121. Sturtzel C. Endothelial Cells. Adv Exp Med Biol (2017) 1003:71–91.
doi: 10.1007/978-3-319-57613-8_4

122. Tamosiuniene R, Manouvakhova O, Mesange P, Saito T, Qian J, Sanyal M,
et al. Dominant Role for Regulatory T Cells in Protecting Females Against
Pulmonary Hypertension. Circ Res (2018) 122(12):1689–702. doi: 10.1161/
CIRCRESAHA.117.312058

123. Li M, Wang X, Fu W, He S, Li D, Ke Q. CD4+CD25+Foxp3+ Regulatory T
Cells Protect Endothelial Function Impaired by Oxidized Low Density
Lipoprotein via the KLF-2 Transcription Factor. Cell Physiol Biochem
(2011) 28(4):639–48. doi: 10.1159/000335759

124. ZhangWC, Wang YG, Zhu ZF, Wu FQ, Peng YD, Chen ZY, et al. Regulatory
T Cells Protect Fine Particulate Matter-Induced Inflammatory Responses in
Human Umbilical Vein Endothelial Cells. Mediators Inflamm (2014)
2014:869148. doi: 10.1155/2014/869148

125. Matrougui K, Abd Elmageed Z, Kassan M, Choi S, Nair D, Gonzalez-
Villalobos RA, et al. Natural Regulatory T Cells Control Coronary Arteriolar
Endothelial Dysfunction in Hypertensive Mice. Am J Pathol (2011) 178
(1):434–41. doi: 10.1016/j.ajpath.2010.11.034

126. Cochain C, Channon KM, Silvestre JS. Angiogenesis in the Infarcted
Myocardium. Antioxid Redox Signal (2013) 18(9):1100–13. doi: 10.1089/
ars.2012.4849

127. Yang J, Liao X, Yu J, Zhou P. Role of CD73 in Disease: Promising Prognostic
Indicator and Therapeutic Target. Curr Med Chem (2018) 25(19):2260–71.
doi: 10.2174/0929867325666180117101114

128. Maganto-Garcia E, Bu DX, Tarrio ML, Alcaide P, Newton G, Griffin GK,
et al. Foxp3+-Inducible Regulatory T Cells Suppress Endothelial Activation
and Leukocyte Recruitment. J Immunol (2011) 187(7):3521–9. doi: 10.4049/
jimmunol.1003947

129. LimWC, Olding M, Healy E, Millar TM. Human Endothelial Cells Modulate
CD4(+) T Cell Populations and Enhance Regulatory T Cell Suppressive
Capacity. Front Immunol (2018) 9:565. doi: 10.3389/fimmu.2018.00565

130. Taflin C, Favier B, Baudhuin J, Savenay A, Hemon P, Bensussan A, et al.
Human Endothelial Cells Generate Th17 and Regulatory T Cells Under
Inflammatory Conditions. Proc Natl Acad Sci U S A (2011) 108(7):2891–6.
doi: 10.1073/pnas.1011811108
September 2021 | Volume 12 | Article 732794

https://doi.org/10.1016/j.apjtm.2016.05.006
https://doi.org/10.1016/j.apjtm.2016.05.006
https://doi.org/10.1016/j.cca.2010.08.013
https://doi.org/10.1111/sji.12650
https://doi.org/10.1111/sji.12650
https://doi.org/10.1007/s10875-005-4088-0
https://doi.org/10.1371/journal.pone.0113653
https://doi.org/10.1536/ihj.52.382
https://doi.org/10.1016/j.immuni.2014.05.019
https://doi.org/10.1038/nm.3284
https://doi.org/10.1161/CIRCULATIONAHA.117.028833
https://doi.org/10.1161/JAHA.115.002484
https://doi.org/10.1016/j.biopha.2019.108804
https://doi.org/10.1007/s10875-013-9889-y
https://doi.org/10.1007/s10875-013-9889-y
https://doi.org/10.1159/000488405
https://doi.org/10.1073/pnas.1911464116
https://doi.org/10.1189/jlb.5A1014-469RR
https://doi.org/10.1189/jlb.5A1014-469RR
https://doi.org/10.3109/08820139.2014.917096
https://doi.org/10.4049/jimmunol.1900057
https://doi.org/10.1002/eji.201344062
https://doi.org/10.1182/blood-2008-02-078071
https://doi.org/10.4049/jimmunol.1501843
https://doi.org/10.1016/s1074-7613(02)00274-1
https://doi.org/10.4049/jimmunol.175.7.4180
https://doi.org/10.1073/pnas.1201131109
https://doi.org/10.1038/s41467-018-04908-z
https://doi.org/10.7150/thno.32734
https://doi.org/10.7554/eLife.43882
https://doi.org/10.1016/j.yjmcc.2013.11.015
https://doi.org/10.1038/s41467-019-10965-9
https://doi.org/10.1007/978-3-319-57613-8_4
https://doi.org/10.1161/CIRCRESAHA.117.312058
https://doi.org/10.1161/CIRCRESAHA.117.312058
https://doi.org/10.1159/000335759
https://doi.org/10.1155/2014/869148
https://doi.org/10.1016/j.ajpath.2010.11.034
https://doi.org/10.1089/ars.2012.4849
https://doi.org/10.1089/ars.2012.4849
https://doi.org/10.2174/0929867325666180117101114
https://doi.org/10.4049/jimmunol.1003947
https://doi.org/10.4049/jimmunol.1003947
https://doi.org/10.3389/fimmu.2018.00565
https://doi.org/10.1073/pnas.1011811108
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lu et al. Tregs in Heart Failure
131. Mahr B, Pilat N, Maschke S, Granofszky N, Schwarz C, Unger L, et al.
Regulatory T Cells Promote Natural Killer Cell Education in Mixed
Chimeras. Am J Transplant (2017) 17(12):3049–59. doi: 10.1111/ajt.14342

132. Gri G, Piconese S, Frossi B, Manfroi V, Merluzzi S, Tripodo C, et al. CD4
+CD25+ Regulatory T Cells Suppress Mast Cell Degranulation and Allergic
Responses Through OX40-OX40L Interaction. Immunity (2008) 29(5):771–
81. doi: 10.1016/j.immuni.2008.08.018

133. Liu J, Yang C, Liu T, Deng Z, Fang W, Zhang X, et al. Eosinophils Improve
Cardiac Function After Myocardial Infarction. Nat Commun (2020) 11
(1):6396. doi: 10.1038/s41467-020-19297-5

134. Raffin C, Vo LT, Bluestone JA. Treg Cell-Based Therapies: Challenges and
Perspectives. Nat Rev Immunol (2020) 20(3):158–72. doi: 10.1038/s41577-
019-0232-6

135. Winkels H, Wolf D. Heterogeneity of T Cells in Atherosclerosis Defined by
Single-Cell RNA-Sequencing and Cytometry by Time of Flight. Arterioscler
Thromb Vasc Biol (2020) 41(2):ATVBAHA120312137. doi: 10.1161/
ATVBAHA.120.312137
Frontiers in Immunology | www.frontiersin.org 15
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Lu, Xia and Cheng. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
September 2021 | Volume 12 | Article 732794

https://doi.org/10.1111/ajt.14342
https://doi.org/10.1016/j.immuni.2008.08.018
https://doi.org/10.1038/s41467-020-19297-5
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1161/ATVBAHA.120.312137
https://doi.org/10.1161/ATVBAHA.120.312137
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Regulatory T Cells in Chronic Heart Failure
	Introduction
	Regulatory T Cells in Heart Failure and Heart Failure-Related Diseases
	Regulatory T Cells Interact With Heart Failure-Related Immune Cells
	Regulatory T Cells Interact With Monocytes/Macrophages in Heart Failure
	Regulatory T Cells Interact With Dendritic Cells in Heart Failure
	Regulatory T Cells Interact With Effector T&nbsp;Cells in Heart Failure
	Regulatory T Cells Interact With B Cells in Heart Failure

	Regulatory T Cells Interact With Heart Failure-Related Parenchymal Cells
	Regulatory T Cells Interact With Cardiomyocytes in Heart Failure
	Regulatory T Cells Interact With Fibroblasts in Heart Failure
	Regulatory T Cells Interact With Endothelial Cells in Heart Failure

	Conclusions and Perspectives
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


