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Abstract
Purpose of Review  Immune cells are emerging as central cellular components of the heart which communicate with cardiac 
resident cells during homeostasis, cardiac injury, and remodeling. These findings are contributing to the development and 
continuous expansion of the new field of cardio-immunology. We review the most recent literature on this topic and discuss 
ongoing and future efforts to advance this field forward.
Recent Findings  Cell-fate mapping, strategy depleting, and reconstituting immune cells in pre-clinical models of cardiac 
disease, combined with the investigation of the human heart at the single cell level, are contributing immensely to our under-
standing of the complex intercellular communication between immune and non-immune cells in the heart. While the acute 
immune response is necessary to initiate inflammation and tissue repair post injury, it becomes detrimental when sustained 
over time and contributes to adverse cardiac remodeling and pathology.
Summary  Understanding the specific functions of immune cells in the context of the cardiac environment will provide new 
opportunities for immunomodulation to induce or tune down inflammation as needed in heart disease.
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Introduction

Heart contractility is compromised in the deadly syndrome 
of heart failure (HF). The full repertoire of cardiac cells and 
their gene expression profiles have been well characterized 
in the human and mouse heart at the single cell and single-
nucleus level. While cardiomyocytes, accounting for roughly 
30% of all cardiac cells, are the primary source of power 
for cardiac contractility, non-myocyte cells in the heart are 
also required for cardiac physiology [1–3•, 4]. Among the 
non-myocyte cells, different types of immune cells change 
in number in response to a variety of cardiac insults by infil-
trating and/or expanding within the heart. Additionally, resi-
dent and infiltrating immune cells communicate with myo-
cytes and other non-myocytes in the heart through soluble 

messengers and through direct cell contact and contribute 
to cardiac pathophysiology.

The immune system has evolved as a protective mecha-
nism against pathogens. A coordinated response between its 
different cellular components is also required to distinguish 
between foreign and self, to clear cell debris, and promote 
tissue repair in response to sterile injury. Innate immune 
cells derive from a common myeloid progenitor (CMP) and 
are the body’s first and rapid response to injury and to infec-
tion. Mast cells, neutrophils, monocytes, and macrophages 
have been reported in the heart and play different roles in 
cardiac homeostasis and repair [3•]. The adaptive immune 
system, comprised of different subsets of T and B cells that 
derive from a common lymphoid progenitor (CLP), partici-
pate in a slower yet specialized response that requires anti-
gen recognition, and results in their clonal expansion and B 
cell antibody production. Bridging the gap between these 
two systems are dendritic cells (DCs), with the unique ability  
to initiate specific T cell responses through antigen pres-
entation via the major histocompatibility complex (MHC), 
expressed on DC, to the T cell receptor (TCR). Along with 
the presence of these immune cells, natural killer cells, 
derived from CLPs but part of the innate immune response 
due to their inability to recognize antigens, have also been 
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reported in the heart (Fig. 1) [2, 4]. The roles of these dis-
tinct types of immune cells during cardiac homeostasis, 
acute and chronic inflammation in scar formation during 
cardiac repair, as well as in adverse cardiac remodeling, are 
all areas of active investigation reviewed here.

At the steady state, the healthy heart contains DCs, 
neutrophils, mast cells, and T cells, along with distinct 
macrophage populations that confer unique structural 
and electrical properties to the heart [2, 3•, 4]. Among 
macrophages, a subset of CC motif chemokine receptor 
2 (CCR2−) resident macrophages is seeded into the heart 
during embryogenesis and maintained through local 
proliferation. These are either partially or fully replaced 
by CCR2+ circulating monocytes [3•, 5]. Cardiac resident 
macrophages (mTMs) maintain cardiac homeostasis by 
modulating electrical conduction through direct crosstalk 

with cardiomyocytes [6]. They patrol vessels through 
direct communication with cardiac endothelial cells using 
the vascular homing receptor chemokine (C-X3-C motif) 
receptor 1 (CX3CR1) and the lymphocyte function-
associated antigen 1 (LFA-1) integrin, and this way prevents 
undesired leukocyte infiltration. They also facilitate debris 
clearing maintaining this way a cardiac immune quiescent 
environment state [6, 7]. Cardiac mast cells are also present 
in low numbers in the hearts of healthy C57/BL/6 mice 
and in the healthy human myocardium, as indicated by 
histological staining with toluidine blue [8], yet their role at 
steady state has not been clearly defined to date. A subset of 
CD4+ T cells, regulatory T cells (Tregs), widely recognized 
as suppressors of the immune response to maintain immune 
cell tolerance, are also critical in the maintenance of immune 
homeostasis [9, 10].

Fig. 1   A simplified overview of innate and adaptive immune cells. 
The innate immune system consists of a wide variety of cell types 
which derive from a common myeloid progenitor in the bone mar-
row. Innate immune cells are the first responders for host defense 
and respond to pathogen- and danger-associated molecular patterns 
(PAMPs and DAMPs, respectively). Innate immune cells include 
granulocytes (neutrophils, basophils, mast cells), phagocytes (mono-
cytes and macrophages), natural killer (NK) cells, and dendritic cells 
(DC) which bridge the gap with the adaptive immune system, com-
posed by T cells and B cells, derived from the common lymphoid 
progenitor and developed in the thymus. They populate peripheral 
lymphoid organs—spleen and lymph nodes—where they expand  
in response to antigens presented by DCs to carry out functions with  
specificity and memory. CD8+ and CD4+ naïve T cells become  

effector CD8+ cytotoxic T cells, and CD4+ T helper or regulatory 
cells upon antigen engagement. CD4+ further differentiate into T 
helper (Th) and T regulatory (Treg) cells, characterized by specific 
signature transcription factor expression and cytokine production. Th 
type 1 (Th1) cells express Tbet and produce the pro-inflammatory 
cytokine IFNγ. Th type2 (Th2) cells express GATA3 and release 
IL-4 and IL-13. Th type 17 (Th17) expresses RORγT and releases 
IL-17. And Tregs express the signature transcription factor FoxP3 
and produce TGF-β and IL-10 that suppress T cell effector function. 
CD8+ cytotoxic T cells follow a similar Tc1, Tc2, and Tc17 differen-
tiation (not shown), while B cells are responsible for producing anti-
bodies in response to antigens. This schematic shows immune cells  
which have been reported in the heart. Created with BioRender.com
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Here, we review the most recent findings related to car-
diac acute and chronic immune responses in the context of 
cardiac repair and remodeling (Fig. 2). We focus on how 
specific immune cell populations shift in the heart and lym-
phoid organs in response to distinct cardiac insults that lead  
to adverse remodeling in two distinct etiologies of HF. 
We highlight the findings reported in experimental animal 
models that have guided the mechanistic understanding of 
cardiac immune responses and discuss how they may trans-
late to clinical observations in the human heart and may be 
considered for immunomodulation in HF.

Immune Cells in Injury Repair

Cardiac inflammation and fibrosis are two important hall-
marks of HF. The acute immune response triggered by injury 
is necessary to initiate cardiac repair and is indispensable for 
survival [11]. It co-exists with the fibrotic response and is 
required for extracellular matrix (ECM) deposition by car-
diac fibroblasts. This step is needed to replace damaged and 

dead cardiomyocytes, a process involved in nearly all forms 
of heart disease [12]. However, given the limited ability 
of the heart to regenerate, excessive fibrosis and persistent 
inflammation are detrimental for cardiac physiology long 
term.

Innate Immune Cells in Ischemic Cardiac Repair

Ischemic heart disease as a result of myocardial infarction 
(MI), results in permanent loss of cardiac tissue and exempli-
fies well the importance of immune responses to repair the 
injured heart [13]. The molecular and cellular mechanisms 
involved have been mainly characterized in pre-clinical  
experimental models that induce permanent myocardial 
ischemia (MI), as well as myocardial ischemia followed  
by reperfusion (I/R) to better mimic the patient population.  
In mouse models, this response is comprised of an initial 
acute inflammatory phase that takes place within hours and 
days post ischemia, a proliferative phase which takes days to a  
week, and a remodeling phase that usually takes weeks post 
ischemia [14].

Fig. 2   Immune cells in cardiac injury repair and remodeling. Created with BioRender.com
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Shortly after ischemic injury, a coordinated innate immune 
response is initiated in response to danger-associated molecu-
lar patterns (DAMPs) released by dying cardiomyocytes and 
cardiac macrophages. Resident macrophages and cardiomyo-
cytes release pro-inflammatory cytokines and chemokines 
such as interleukin 6 (IL-6), tumor necrosis factor α (TNFα), 
interleukin-1β (IL-1β), CXC motif chemokine ligand 8 
(CXCL8), and CC motif chemokine ligand 2 (CCL2) [15, 
16]. These initiate the recruitment of circulating neutrophils 
and CCR2+ monocytes to the heart [17], which are mobilized 
to the heart from the bone marrow and the spleen to clear 
debris and further activate endothelial cells during the first 
3 days post injury (Fig. 2) [17, 18•]. Neutrophils produce IL-6 
and further activate endothelial cell production of CCL2, and 
the surface expression of intercellular adhesion molecule 1 
(ICAM-1), which in turn promotes lymphocyte antigen 6 com-
plex, locus 1 (Ly6Chi) CCR2+ monocyte recruitment to the 
heart [11, 19, 20]. Cardiac infiltrated neutrophils additionally 
promote macrophage polarization towards reparative pheno-
types through the neutrophil gelatinase–associated lipocalin 
[21]. The critical importance of neutrophils in the acute inflam-
matory response to ischemia and cardiac repair is supported by 
studies in which neutrophil depletion before ischemia through 
intraperitoneal (i.p.) injection of Ly6G antibody resulted in a 
significant reduction of left ventricular ejection fraction after 
echocardiography and increased collagen deposition compared 
to isotype control i.p. injection at 1 and 2 weeks post infarc-
tion [21]. Recently, a subset of immature neutrophils has been 
shown to be expanded in the circulation of patients within 
24–72 h after myocardial infarction (AMI) and to correlate 
with T cell pro-inflammatory responses. Because myocardial 
tissue of these patients or cardiac imaging was not reported, 
it remains unknown if this neutrophil subset participates in 
cardiac repair, or if, alternatively, may be used as a biomarker 
of persistent chronic inflammation [22]. Lastly, mast cells 
have also been reported to accumulate in the heart, peaking 
at day 7 post-MI, and modulating cardiomyocyte contractility 
via PKA-regulated Ca2+ interactions [23], and release pro- 
inflammatory mediators such as TNFα, to initiate a cascade 
with resident macrophages, endothelial cells, and subsequent 
infiltrating neutrophils [24].

This highly inflammatory phase is a consequence of a 
rapid and coordinated acute innate immune response and 
is followed by a reparative phase, characterized by the  
cardiac presence of Ly6Clow macrophages. Fate mapping 
and single-cell RNA-sequencing (scRNA-seq) studies have 
shown distinct populations of infiltrating monocytes into 
the injured myocardium to differentiate into cardiac resident  
macrophages between days 2 and 4 after infarction [5]. The  
activated vascular endothelium continues its release of CCL2,  
attracting more Ly6Chi and Ly6Clow monocytes to the 
site of injury. During the reparative phase, accumulated 
Ly6Chi monocytes differentiate into macrophages with a 

homeostatic phenotype, a process partially dependent on the 
nuclear receptor subfamily 4 group A member 1 (NR4A1) 
hormone, essential in Ly6Clow monocyte development [20]. 
This was corroborated in studies using Nr4a−/− mice show-
ing increased infiltration of pro-inflammatory monocytes 
into the myocardium and compromised cardiac function and 
fibrosis after one-week post-MI compared to WT mice [25]. 
More studies support that an exquisite balance in the transi-
tion from the innate acute inflammatory phase to the prolif-
erative phase is needed not only to avoid cardiac rupture, but 
also to mitigate adverse effects on cardiac remodeling long 
term that will negatively impact cardiac physiology. As an 
example, pharmacological inhibition and genetic deletion 
of the DAMP S100A9 were detrimental for cardiac func-
tion 7 and 21 days post-MI, as these interventions impair 
the transition of pro-inflammatory macrophages to pro-
reparative macrophages [26]. Further support of the neces-
sity of this switch towards repair mediated by pro-reparative 
macrophages is the novel role for cardiac basophils, another 
innate immune cell (Fig. 1) which secretes the pro-fibrotic 
cytokines IL-4 and IL-13 that additionally contribute to  
control Ly6Clow monocyte-macrophage transformation.  
In AMI patients, low basophil counts are accompanied by 
worsened cardiac outcomes and increased fibrosis [27], support-
ing a potential role for this understudied immune cell type  
in cardiac repair (Fig. 2). Although most of the mechanis-
tic characterization of the acute innate immune response to  
myocardial ischemia arises from studies using permanent 
ischemia, the requirement of this response is also true for 
cardiac repair in ischemia followed by reperfusion (I/R), 
with the main distinction being the greater magnitude, but 
shorter duration of immune cell infiltration in I/R compared 
to the non-reperfused MI hearts [28]. A recent study in pigs 
also supports a role of inflammation in cardiac repair and 
contractile function in I/R and highlights the need of study-
ing inflammatory mechanisms in large animals prior to tran-
sitioning to cardiac repair therapies in patients [29].

Adaptive Immune Cells in Ischemic Cardiac Repair

Alongside the innate immune cells, T cells also contribute 
to the early cardiac repair in response to ischemic injury.  
Early studies identified effector and Treg cells present in 
the heart early post-MI. These were followed by studies  
showing that CD4+ T cell–deficient mice, using Cd4−/− and Mhc- 
II−/−, had higher mortality due to cardiac rupture than 
wild-type controls. Moreover, impaired collagen deposi-
tion is seen after Ab-mediated CD4+ T cell depletion and 
Cd4−/− mouse models [30, 31]. The fact that mice with T 
cell receptors restricted to an exogenous peptide fragment 
of chicken ovalbumin, and thus unable to respond to endog-
enous antigens, had similar mortality than WT mice sug-
gested that a cardiac neoantigen-specific T cell response was  
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required for cardiac repair [30, 32]. More recently, some 
of these neoantigens triggering a T cell reparative response 
have been identified using a screening of MHC-II restricted 
epitopes in Balb/c mice with a TCR specific to a cardiac myosin  
peptide. T cells specific for the cardiac myosin peptide - myosin  
heavy chain α (MYHCA) - selectively accumulated in the heart and 
mediastinal draining lymph nodes and acquired a pro-repair Treg  
phenotype through indirectly inducing collagen deposition  
in the heart [33•]. Interestingly, myocardial Tregs were also 
detected in autopsy samples from AMI patients who showed  
mediastinal lymph node alterations that correlated with 
infarct size and cardiac function. More recently, a peptide 
fragment of the beta-1 adrenergic receptor (ADRB1) was  
found to elicit CD4+ T cell responses after MI in patients  
[34]. Although it is possible that other antigens besides these 
ones are required for cardiac repair, these studies support a  
central role of antigen-specific T cells in cardiac repair by 
modulating monocyte and cardiac fibroblast activation into 
reparative/pro-fibrotic states that prevent cardiac rupture. All 
CD4+ T cell effector subsets, along with CD8+ T cells, are 
found in the heart shortly after ischemia, but evidence shows 
that Tregs seem to dominate this reparative response [17, 30, 
31, 35]. This is further supported by studies using CCL17-
deficient (Ccl17−/−) mice, a chemokine predominantly pro-
duced by CCR2+ innate cells, which show increased Tregs  
in the ischemic heart and improved ventricular remodeling and 
function post ischemia (Fig. 2) [36].

Another subset of adaptive immune cells that populates 
the heart post-MI are B cells. As seen with scRNA-seq, 
flow cytometry, and histological analyses, B cells express 
CXCR5, the receptor for CXCL13, and infiltrate the heart 
1 day post-MI via the CXCL13-CXCR5 axis, and peak at  
day 7 post-MI [37], where they contribute to local TGF-
β1 production, possibly communicating with cardiac  
fibroblasts. Antibody-mediated neutralization of CXCL13 
in mice and global deficiency of CXCR5 (Cxcr−/−) mice 
impaired B cell recruitment to the heart and cardiac Tgfβ1 
expression but had no impact on contractile function (Fig. 2) 
[37]. More comprehensive studies are needed to better  
understand B cell immunity in the heart. These gaps include the  
identification of B cell subsets involved in cardiac repair and 
whether, and to what extent, their presence in the heart, or  
systemically, contributes to the production of antibodies to 
cardiac antigens post ischemic injury.

Innate and Adaptive Immune Cells 
in Adverse Remodeling After Cardiac Repair 
Post Ischemia

The cardiac repair process culminates in scar forma-
tion necessary for survival. However, sustained immune 
and fibrotic responses not limited to the site of injury 

continue to take place. These contribute to adverse car-
diac remodeling in areas remote to the scar to compen-
sate for the healed but unfortunately dysfunctional, and  
with limited regenerative potential, myocardium [38]. Not  
surprisingly, both innate and adaptive immune cells co-
exist in the heart and lymphoid organs at this stage in 
a complex environment once the scar has been formed 
post ischemia. Studies in mice 8 weeks post-MI have  
shown increased frequency of macrophages with pro-
inflammatory phenotypes, accompanied by substantial 
increases in fibrosis, as well as left ventricular (LV) systolic 
dysfunction. Moreover, this was associated with splenic 
remodeling, characterized by increased size of the spleen 
and an expansion of macrophages and lymphocytes in the 
marginal zone that suggest enhanced antigen processing 
and T cell activation [39]. The importance of the spleen 
in adverse cardiac remodeling post-MI was demonstrated 
in studies in which splenectomy resulted in improved LV 
remodeling associated with diminished cardiac infiltra-
tion of immune cells 8 weeks post-MI. This discovery  
demonstrated a novel cardio-splenic axis in ischemic HF 
(Fig. 2) [39].

Moreover, at this chronic time point post-MI, there 
is a robust expansion of CD4+ T cells in the circulation, 
the spleen, and the mediastinal lymph nodes, in addition  
to CD4+ T cell infiltration in the heart, including Treg 
cells [17, 40•]. Classically considered as suppressors of 
pro-inflammatory T cell responses necessary for their 
homeostatic immune tolerance functions [41], during  
chronic inflammation, Tregs can be plastic and lose their suppres-
sive fitness. This was investigated in cardiac remodeling  
post ischemia in studies of selective ablation of Tregs using  
the Foxp3-diphtheria toxin (Foxp3-DTR) mice. Tregs 
were depleted 4  weeks post-MI, when cardiac fibrosis  
and LV dysfunction were evident, and followed for a total 
of 8 weeks that demonstrated improved LV function and 
decreased fibrosis compared to control mice which had  
not been depleted of Tregs. This finding demonstrated that 
Tregs were potentially pathogenic in ischemic cardiomyopa-
thy, and uncovered their unique ability to adopt a pathogenic 
phenotype in chronic ischemic HF, characterized by the release 
of IFNγ and TNFα, impairing angiogenesis in the heart  
(Fig. 2) [40•].

Taken together, a wealth of elegant studies demon-
strate that coordinated immune and fibrotic responses 
are necessary for cardiac repair and remodeling. Shifts 
in immune cell and cardiac fibroblast states dominate a 
chronic response that is maladaptive for the heart and 
contributes to ischemic HF. New investigations to under-
stand the cellular interplay in the heart in the context 
of ischemic injury are warranted to develop effective 
immunomodulatory therapies for cardiac repair and non-
ischemic HF.
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Immune Cells in Averse Cardiac Remodeling 
in Response to Non‑ischemic Cardiac Insults

Non-ischemic HF is a consequence of a wide range of condi-
tions that include, but are not limited to, vascular and car-
diac abnormalities that exert stress on the myocardium and 
result in adverse myocardial remodeling. Classic hallmarks 
of adverse remodeling include increase in cardiomyocyte 
size, chamber dilation, and cardiac fibrosis to adapt to higher 
filling pressures in the heart. These, in patients, correlate 
with systemic and cardiac increases of pro-inflammatory 
cytokines and pro-inflammatory innate and adaptive immune 
cells. Our knowledge about cardiac immune responses and 
their contribution to adverse remodeling in non-ischemic HF 
is exponentially growing with the use of pre-clinical experi-
mental models combined with the in-depth characterization 
of human plasma and myocardial tissue. Transverse aortic 
constriction (TAC) induces abrupt pressure overload (PO)  
in the LV and overtime mimics the pathological hall-
marks of HF seen in patients [42], allowing for the char-
acterization of the special and temporal cellular immune  
responses reviewed herein.

Innate Immune Cells in Non‑ischemic HF

As opposed to MI, non-ischemic HF is not initiated by 
immediate cardiomyocyte death. Instead, building pressure  
in the LV and mechanical stress results in the release of pro-
inflammatory cytokines and DAMPs by damaged cells. Sen-
sitive to the mechanical stimuli, cardiac myocytes initially 
respond through increased intracellular Ca2+ and calcium- 
calmodulin pathways, regulating hypertrophic signaling 
and cell growth [43, 44]. This leads to the activation of 
the NOD-like receptor protein 3 (NLRP3) inflammasome 
in cardiomyocytes, as shown in studies demonstrating that 
cardiomyocyte sensing of hemodynamic stress provokes 
inflammatory signals through Ca2+/calmodulin-dependent 
kinase protein kinase II (CaMKIIδ) that result in the activa-
tion of NLRP3 inflammasome [45]. Camkiiδ−/− mice showed 
decreased cardiac gene expression of the pro-inflammatory 
cytokines Il-1β, Il-6, and Tnfα and the chemokines Ccl2 and 
Ccl3 as early as 3 days post TAC, compared to WT mice. 
This work positioned cardiac myocytes as essential players 
in initiating inflammatory responses to PO [42].

With the simultaneous release of IL-1β and TNFα, ICAM-1 
is expressed in the vascular endothelium as early as 48 h post 
TAC and is sustained over time through 4 weeks post TAC. 
A consequence of this is the extravasation of innate immune 
cells into the heart shortly after TAC. Indeed, Icam-1−/− mice 
have decreased innate cell and T cell infiltration as compared 
to WT mice in response to 4 weeks TAC [46]. Neutrophils, 
monocytes, macrophages, and dendritic cells infiltrate the 

heart in response to hemodynamic stress as early as 1 week 
post TAC, as reported in studies using flow cytometric char-
acterization of Ly6ChiCCR2+ and Ly6ClowCX3CR1 mono-
cytes and cardiac gene expression of Ccl2, Ccl7, and Ccl12 
chemokines that suggest a signal that attracts this early wave 
of innate immune cells to the heart [47]. The importance of 
CCR2+ monocytes in adverse cardiac remodeling was dem-
onstrated in studies using a small-molecule CCR2 antagonist 
as well as depleting CCR2+ monocytes with a monoclonal 
antibody, both of which resulted in preserved cardiac func-
tion and decreased cardiac inflammation, complimented with 
a decrease in T cell expansion in the mLN [47–49]. A recent  
study using scRNA-seq of cardiac leukocytes isolated  
4 weeks post injury also supports the presence of mast cells in 
the heart as potential contributors to adverse cardiac remod-
eling [3]. The large infiltration of innate immune cells shortly 
after TAC (1 and 2 weeks) occurring simultaneously with the 
progression of cardiomyocyte hypertrophy supports a poten-
tial role for innate cells in the compensatory hypertrophy that 
precedes the pro-fibrotic remodeling. However, CCR2+ and 
CCR2− macrophages, as well as DCs, are also present in the 
heart at later time points post TAC and are thought to also 
contribute to the fibrotic response later on (Fig. 2) [50].

Adaptive Immune Cells in Non‑ischemic HF

As chronic pressure overload increases, collagen depo-
sition becomes more evident along with additional  
recruitment of adaptive immune cells. The dominant role  
for T cells in adverse cardiac remodeling was demon-
strated in T cell–deficient mice. Tcr−/− mice, deficient  
in alpha beta T cells through deletion of the T cell receptor, and  
Mhc-II−/− mice, deficient in CD4+ T cells specifically, 
did not develop cardiac fibrosis, cardiac hypertrophy, 
or systolic dysfunction in response to TAC, in contrast 
to Cd8−/− mice, which had a similar phenotype to WT 
control mice. These studies positioned CD4+ T cells as 
responsible for adverse cardiac remodeling in response to 
TAC [51, 52]. Specifically, the CD4+IFNγ+ T cell subset 
(Th1 cells) was expanded in the mediastinal lymph nodes, 
and increased Ifng transcripts were observed in the heart 
4 weeks post TAC. The functional necessity of Th1 cells 
in cardiac fibrosis was demonstrated in adoptive transfer 
studies of CD4+IFNγ+ and CD4+IFNγ− effector T cells 
into Tcra−/− mice which showed that only CD4+IFNγ+ T 
cells were able to induce cardiac fibrosis in Tcra−/− in the 
onset of TAC [53]. In vitro mechanistic studies further 
demonstrated that T cells isolated from mediastinal lymph 
nodes of TAC mice adhered to cardiac fibroblasts and 
induced their transformation to myofibroblasts, a process  
which was inhibited by blocking T cell α4 integrin– 
cardiac fibroblast VCAM-1 interactions.
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Interestingly, during this intimate contact, cardiac 
fibroblasts express MHC-II induced by IFNγ and present 
antigen to T cells, as a way to induce T cell activation 
within the heart [54••]. In fact, using the TCR activation 
reporter mice (Nur77GFP mice), demonstrated that antigen  
engagement occurs in the heart during injury [55]. These data  
were further supported by studies using cardiac fibroblast– 
specific MHC-II-deficient mice (Tcf21iCreMhcIIfl/f l),  
which had reduced fibrosis and preserved systolic func-
tion in response to TAC [54••]. In support of CD4+IFNγ+ 
T cells dominating the remodeling response to cardiac 
pressure overload, a study reported that deficiency in 
T-box protein (T-bet), the Th1 cell signature transcription  
factor, resulted in decreased cardiac fibrosis and hypertro-
phy in rats in response to pressure overload (Fig. 2) [56].

Histological data also demonstrated that cardiac T cells 
are found infiltrated in the hearts of patients with end-
stage non-ischemic HF, and that the majority of them 
express the chemokine receptor CXCR3 [50, 52]. This, 
together with the fact that T cells from HF patients have 
a higher affinity to adhere to endothelial cells than those 
from healthy controls, suggests enhanced T cardiotropism 
in HF patients [51]. Studies in Cxcr3−/− mice and in 
CXCL9/CXCL10 reporter mice further demonstrate that 
CXCL9 and CXCL10 produced by cardiac fibroblasts, 
monocytes, and macrophages over the course of TAC 
attract Th1 cells to the heart in a CXCR3-dependent 
manner [50]. The T cell antigens involved in response to 
hemodynamic stress are different from those identified 
in response to ischemia, and involve cardiac neoantigens 
formed in response to reactive oxygen species (ROS). 
ROS induces the formation of isolevuglandins (IsoLGs), 
which adduct to cardiac proteins which are presented by 
DCs to T cells. Indeed, scavenging of IsoLGs as well 
as treatment with anti-oxidants in mice prevents T cell 
activation and clonal expansion and the development of 
systolic function in response to TAC [55].

Taken together, the mechanistic investigations 
in mouse models of cardiac PO, combined with the 
presence of T cell alterations in humans with HF, 
support coordinated and sequential innate and adaptive 
immune responses that contribute to adverse cardiac 
remodeling and contractile dysfunction in non-ischemic 
HF conditions.

Concluding Remarks

The cardio-immunology field is progressing at a fast pace 
since the discovery that cardiac inflammation is present 
in HF patients in addition to the systemic inflammation 
that had been observed for decades. With the access to 
new technologies, human cardiac tissue, and experimental 

animal models of HF, the field has significantly grown to 
the point where it is now well accepted that immune cells 
are central to cardiac homeostasis and disease progression. 
The discovery of several immune cell types in the heart 
that contribute differently to cardiac repair and remod-
eling is raising intriguing and exciting questions about 
the potential to specifically modulate these responses in a 
timely and context-specific manner to optimally achieve 
immunomodulation in cardiac disease. A wealth of infor-
mation now supports that the trigger of the cardiac insult 
determines the type of cardiac immune response, which, in 
turn, impacts cardiac pathophysiology. A lot of work needs 
to be done to continue identifying cardiac antigens that 
differentially modulate repair vs remodeling in response to 
different cardiac insults, as well as those that “tolerize” the 
heart against pathogenic immune invasion during homeo-
stasis. These will help us understand why, for instance, 
immune check point inhibitors sometimes induce fatal 
inflammation in cancer patients, and help identify those  
who may be more at risk [57]. Additionally, identifying 
antigens will help develop specific T cell targeted therapies,  
as recently described with chimeric antigen receptor T 
cells (CAR-T cells) able to target fibrosis in experimental 
animal models [58]. Similarly, we are starting to under-
stand sex differences in cardiac remodeling. Mouse stud-
ies suggest improved survival and limited remodeling 
after MI in female mice [59], and worsened outcomes in 
cardiac remodeling under the influence of acute cigarette 
smoke exposure post-MI in males compared to females 
[60]. Altogether, this calls for a sense of urgency to better 
understand sex differences in cardiac immune responses. 
Several reports reviewed here support a role for innate and 
adaptive immune cells in systolic and diastolic dysfunction 
in experimental models of HF with reduced ejection frac-
tion. However, much work remains to be done to under-
stand whether specific immune actions modulate contrac-
tility vs relaxation, something which may shed new light  
into how to treat HF with reduced ejection fraction (HFrEF) 
vs HF with preserved ejection fraction (HFpEF), a condition 
with limited effective treatments to date. Lastly, efforts must 
be made to understand the immune cell compartments during  
early stages of life, when the heart is able to regenerate. The 
finding that adult T cells transferred to neonate mice blunt 
the heart’s regenerative response supports that the cardio-
immunology axis can be further explored in this arena. The more  
we continue learning about the immune-cardiac axis in different  
etiologies of HF, the closer researchers will be to the ulti-
mate goal of finding new targets for immunomodulation 
of cardiac repair and remodeling.
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