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State of the art technologies to study cardiac immunology include single cell RNA sequencing and advanced microscopic imaging, revealing an unprece-
dented immune cell heterogeneity of the heart.

...................................................................................................................................................................................................

* Corresponding authors. Tel: þ49 89 4400 54674, Fax: þ49 89 4400 54676, Email: sabine.steffens@med.uni-muenchen.de (S.S.); Tel: þ39-050-315-2683,
Email: rosalinda.madonna@unipi.it (R.M.)
Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2021. For permissions, please email: journals.permissions@oup.com.

STATE OF THE ART REVIEW

Ischaemic heart disease
European Heart Journal (2022) 43, 1533–1541
https://doi.org/10.1093/eurheartj/ehab842

Received 5 August 2021; revised 22 October 2021; editorial decision 23 November 2021; accepted 29 November 2021; online publish-ahead-of-print 13 December 2021

https://orcid.org/0000-0002-6892-9751
https://orcid.org/0000-0002-4021-1887


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

The increasing use of single-cell immune profiling and advanced microscopic imaging technologies has deepened our understanding of the
cardiac immune system, confirming that the heart contains a broad repertoire of innate and adaptive immune cells. Leucocytes found in
the healthy heart participate in essential functions to preserve cardiac homeostasis, not only by defending against pathogens but also by
maintaining normal organ function. In pathophysiological conditions, cardiac inflammation is implicated in healing responses after ischaemic
or non-ischaemic cardiac injury. The aim of this review is to provide a concise overview of novel methodological advancements to the
non-expert readership and summarize novel findings on immune cell heterogeneity and functions in cardiac disease with a focus on myo-
cardial infarction as a prototypic example. In addition, we will briefly discuss how biological sex modulate the cardiac immune response.
Finally, we will highlight emerging concepts for novel therapeutic applications, such as targeting immunometabolism and nanomedicine.
...................................................................................................................................................................................................
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Introduction

The immune system plays an important role in the heart, not only
under physiological conditions such as development and homeostatic
function, but also in cardiac disease.1 All major types of immune cells
can be found in the healthy heart, contributing to immunosurveillance
to protect against pathogens, toxic insults, hypoxia, or other injury.
Furthermore, resident macrophages play important roles, e.g. in elec-
trical coupling, mechanosensing, and maintenance of cardiomyocyte
homeostasis. A major cause of cardiac injury is myocardial infarction
(MI), which elicits an acute immune response to repair the ischaemic
infarct area. Although immune cells are integral key players of cardiac
healing, an unbalanced or unresolved immune reaction after MI aggra-
vates tissue damage that triggers maladaptive remodelling and heart
failure (HF). There is emerging evidence for a metabolic crosstalk be-
tween immune cells and cardiomyocytes, which crucially regulates
immune cell reprogramming and resolution of inflammation.2 Non-
ischaemic causes for pathological cardiac remodelling and HF involve,
among others, pressure or volume overload, metabolic diseases such
as diabetes, and ageing.3 HF refers to the inability of the heart to
transport sufficient amounts of blood to meet the high energy
demands of our body. Notably, some sex-specific disparity seems to
exist in HF, since men are predisposed to HF with reduced ejection
fraction, whereas women more frequently develop HF with pre-
served ejection fraction.3,4 Besides differences in cardiovascular
structure, risk factors, comorbidities and distinct immunological
responses may contribute to the sex-specific HF manifestations. In
general, females exhibit stronger innate and adaptive immune
responses compared with males,5 suggesting that the immune re-
sponse in cardiac disease might differ between men and women. Yet,
most experimental studies do not consider the biological sex as a
variable when studying molecular pathways in animal models of car-
diovascular disease (CVD). Likewise, women are under-represented
in clinical studies, which is related to the fact that women generally
develop CVD at advanced age.

In the following, we will provide an overview on emerging high
throughput and imaging technologies for investigating the cardiac im-
mune system and provide an update on novel insights about cardiac
immune cell functions in steady state and disease. New concepts to

target immunometabolism and nanomedicine will also be covered
(Graphical Abstract).

New insights into cardiac immune
cell heterogeneity at single-cell
resolution

Recent studies using single-cell RNA sequencing (scRNA-seq)
approaches of the murine and human heart have deepened our
understanding of the cardiac cellular composition.6 The principal ex-
perimental workflow of this technology is outlined in Figure 1A.
Although the method is certainly a valuable tool for studying cardiac
immune cell heterogeneity, it also has its limitations and requires tis-
sue- and cell-specific optimization of the experimental protocol. For
example, any type of cardiac tissue processing for generating single-
cell suspensions may inherently cause some cell damage and possibly
changes in gene expression.13 Consequently, the relative distribution
of cell populations and transcriptomic information may vary between
individual studies. Due to limitations in the sequencing depth, less
abundantly expressed genes are often not detectable in scRNA-seq
databases and may require more sensitive detection methods such as
quantitative polymerase chain reaction (PCR) or digital droplet PCR.
Prior to scRNA-seq, cells can be marked with cell surface labels, e.g.
to increase the sensitivity for rare cells or to enable sample multiplex-
ing (Figure 1B). An alternative to scRNA-seq is the single nucleus
RNA-seq (snRNA-seq) method, which is useful for larger cells such
as cardiomyocytes (Figure 1C). Integrated scRNA-seq and snRNA-
seq analysis has been applied for studying the single-cell transcrip-
tomic landscape of the human healthy and failing heart.14–16 Although
snRNA-seq is useful as it facilitates the inclusion of myocytes, a disad-
vantage that needs to be considered is that less transcripts are
detected, since only the nuclear fraction is included.17 Other tech-
nical advancements involve the combination of scRNA-seq with epi-
genetic profiling7 (Figure 1D and E) or spatial transcriptomics,12 in
order to integrate spatial information and (bulk) transcriptomic data
(Figure 1F).

The emerging human and mouse scRNA-seq data consistently
document a high frequency of non-myocyte stromal cell types in the
healthy heart, including endothelial cells and fibroblasts, as well as the
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..presence of all major immune cells, such as macrophages, dendritic
cells, granulocytes, B- and T cells, as well as NK cells.15,16,18–21 The
combined analysis of male and female hearts revealed overall highly
similar clustering patterns for female and male cells, while in individual
cell types, several genes appeared to exhibit sexual dimorphism.21

Interestingly, male-up-regulated genes appear to play a role in
responding to foreign antigens, whereas, female-up-regulated genes
in macrophages were enriched for processes involving response to
stress and the electron transport chain. It should be taken into ac-
count that in the specific study, only two male and two female hearts
were included into the analysis, which emphasizes the preliminary na-
ture of these assumptions and need for further investigation of sex-
specific dimorphic transcriptomic immune cell phenotypes. In add-
ition, the causal factors, which may involve sex hormones, the
chromosomal genotype, and possibly additional factors,22 remain to
be explored. Combining scRNA-seq with fate mapping strategies fur-
ther delineated the functional heterogeneity of the cardiac macro-
phage compartment, as discussed in the following sections.23

In summary, scRNA-seq has recently emerged as a powerful
method in cardiovascular research for elucidating biological mecha-
nisms at the cellular level. This area of research is still rapidly advanc-
ing, e.g. in view of methods that combine transcriptomics with spatial
information, in order to overcome the issue that the information on
cellular distribution gets lost due to the generation of single-cell sus-
pensions (Figure 1F).12 Undoubtedly, the possibility to implement

spatial transcriptomics to the heart, e.g. for infarct and border zone
sequencing, will be a valuable tool to complement existing scRNA-
seq data. Of particular interest are recent efforts to create open re-
source platforms in order to facilitate the data accessibility for the
broad research community, without need to have expert knowledge
for exploring the transcriptional landscape of healthy and diseased
murine hearts and aorta. The available platforms are Reference for
the Heart failure Transcriptome (ReHeaT; https://saezlab.shinyapps.
io/reheat/), which provides a transcriptomic consensus signature and
is based on meta-analysis of 16 published bulk sequencing studies of
left ventricular samples from a total of 263 healthy and 653 failing
human hearts, and CardiovascuLAR Atlas (CLARA; https://clara.
baker.edu.au/), which integrates 5 murine and 2 human scRNA-seq
data sets.24,25

New insights into the cardiac
immune system from advanced
imaging technologies

Other important technological innovations, which have greatly
advanced our understanding of cardiac immunology, include micro-
scopic developments for multidimensional imaging of cells and tissues
with subcellular resolution.26 While real-time imaging of leucocyte

Figure 1 Overview of scRNA-seq and related technological advancements to study the cardiac transcriptome. (A) The technologies used for
scRNA-seq mostly employ microfluidics platforms for single-cell encapsulation as initial step of sample preparation, combined with next-generation
sequencing approaches for entire transcriptome measurements.7 (B) To improve the precision of immune cell subset identification, which might be
relevant for rare cell populations, oligonucleotide-barcoded antibody labelling, or lipid-tagged indices for barcoding of cells prior to their processing
for scRNA-seq can be used.8,9 This multimodal measurement of cell surface labels in combination with transcript expression allows combining sev-
eral biological samples in one scRNA-seq library, which is referred to as multiplexing. This reduces inter-sample technical bias and facilitates exclusion
of cellular doublets, thereby limiting analytical artefacts. (C) An alternative to scRNA-seq is the single nucleus RNA-seq (snRNA-seq) method, which
might be preferable when working with tissues that are difficult to dissociate or frozen and large cells such as cardiomyocytes.10,11 Other technical
advancements involve combined methods for epigenetic profiling with scRNA-seq, such as (D) assay for transposase-accessible chromatin using
sequencing (ATAC-seq) or (E) chromatin immunoprecipitation followed by sequencing (ChIP–seq).7 ATAC-seq allows sequencing of the regions of
the genome with open or accessible chromatin, while ChIP-seq enables genome-wide profiling of DNA-binding proteins and histone modifications.
(F) Novel developments combine transcriptomics with spatial information, in order to overcome the issue that the information on cellular distribu-
tion gets lost due to the generation of single-cell suspensions.12
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behaviour in the beating heart by intravital microscopy remains chal-
lenging (Figure 2A),27,31 other technologies such as confocal laser
scanning microscopy and light sheet microscopy of optically cleared
tissue (Figure 2B and C)32 or optoacoustic imaging (Figure 2D)33 may
be more easily applied to study pathophysiological mechanisms in
cardiac disease. So far, there are only few reports that used intravital
microscopy to visualize leucocyte recruitment in rodent models of
ischaemia-reperfusion and permanent left anterior descending artery
(LAD) ligation.34–36

A breakthrough development for advanced imaging was certainly
the development of protocols for tissue clearing in order to minimize
light scattering and light absorption (Figure 2C), thus facilitating deep
imaging of large volume samples.37 Whole mouse heart imaging after
tissue clearing has been achieved by light sheet microscopy, thereby
visualizing ischaemia-reperfusion damage zones and neutrophil infil-
trates in response to transient LAD ligation32 and resident macro-
phages under steady state.38 Another interesting novel application in
the cardiovascular research field is optoacoustic imaging, which uses
ultrasound sensors to visualize structures based on the generation of
acoustic waves from endogenous chromophores in biological tis-
sues.26 As a proof-of-principle, optoacoustic imaging of the beating
heart has been successfully applied in an isolated murine Langendorff-
perfused heart.33 Although this ex vivo set up is certainly not useful to
study leucocyte recruitment, it offers a high spatio-temporal reso-
lution of the heart at centimetre-scale imaging depths.

In summary, advanced imaging technologies for studying leucocyte
dynamic behaviour in cardiac disease have emerged as a valuable tool
in preclinical research. Examples of cardiac immune cell functions in

the heart studied with the help of advanced imaging modalities will be
discussed in the following sections. Depending on the specific ques-
tion, resolution and imaging depth needed, different technologies
ranging from nano- to macroscale may be useful. In particular, the
ability to visualize fast and dynamic behaviours of leucocyte sub-types
may help, e.g. to study patrolling behaviour of non-classical mono-
cytes and unravel cellular interactions possibly involved in immune
cell subset activation or phenotypic switch during inflammation
resolution.

Immune cell function in cardiac
homeostasis

Fate mapping mouse models have been instrumental to clarify the de-
velopmental origin of cardiac leucocytes residing in the heart1

(Figure 3). Adult resident cardiac macrophages are mostly chemokine
receptor CCR2-negative (CCR2–) and primarily of foetal origin,
seeding the heart during embryogenesis and maintaining themselves
by local proliferation. Conversely, the monocyte-derived CCR2þ

macrophage subset is a minor population in the healthy adult heart,
but expands after tissue injury and is thought to display more pro-
inflammatory functions and promote cardiac disease, whereas
CCR2– resident macrophages promote angiogenesis and repair.1,41 A
seminal study of interstitial macrophages in lung, heart, and other per-
ipheral tissues employing scRNA-seq in comparison to existing bulk
RNA seq transcriptomic signatures and genetic fate mapping models
adds to the concept of cardiac macrophage heterogeneity. Two

Figure 2 Overview of advanced imaging technologies. (A) Intravital microscopy of the beating mouse heart is an invasive method that involves
thoracic surgery and cardiac tissue stabilizers.27 In addition, it requires acquisition gating algorithms to avoid moving artefacts caused by the cardiac
and respiratory cycles. Due to these technical requirements and need for highly specialized knowledge, the methodology has not been broadly
applied to study immune cell behaviour in cardiac disease models. (B) Confocal laser scanning microscopy allows scanning multiple layers of a sample
and subsequent 3-dimensional image reconstruction. (C) For tissue clearing, the heart is processed by organic solvent- or aqueous-based clearing or
hydrogel embedding tissue clearing.28 When combined with diverse labelling methods (such as immunolabelling or use of reporter mice) and high-
throughput optical sectioning light sheet microscopy,29 tissue clearing enables whole-body and whole-organ imaging at cellular or subcellular reso-
lution. (D) Optoacoustic imaging is a technology that uses ultrasound sensors to visualize structures based on the optoacoustic effect, which refers to
the generation of acoustic waves from endogenous chromophores in biological tissues (e.g. haem) following pulsed-light illumination.26 The light ab-
sorption by these endogenous components results in thermoelastic expansion of the tissue and generation of mechanical waves, which are resistant
to scattering, thereby enabling higher spatial resolution and greater penetration depths than emitted light in optical imaging. In addition to label-free
imaging of endogenous structures such as blood vessels, optoacoustic imaging can also be used to track transplanted immune cells in entire living ani-
mals, which is achieved by near-infrared fluorescent optoacoustic probes.30

S. Steffens et al.1536
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independent populations of monocyte-derived interstitial macro-
phages were identified: LYVE1loMHCIIhi and LYVE1hiMHCIIlo.40

Remarkably, these distinct populations reside within separate loca-
tions, with LYVE1loMHCIIhi mostly located adjacent to nerves, while
LYVE1hiMHCIIlo reside next to blood vessels. Functionally,
LYVE1loMHCIIhi macrophages had superior antigen-presentation
capacity and ability to induce antigen-specific T cell activation and
played an antifibrotic role in isoprenaline-induced heart fibrosis. In a
separate study, Dick et al.23 combined genetic fate mapping with
scRNA-seq analysis to identify the phosphatidylserine receptor
TIMD4 as a marker to track a subset of resident CCR2– macrophages
(Figure 3).

Two more recent studies employing bulk or scRNAs-seq, respect-
ively, shed further light on the role of CCR2– resident macrophages
in cardiac homeostasis and adaptive remodelling. In a murine experi-
mental model of angiotensin II-induced hypertension, the release of
insulin-like growth factor-1 (IGF-1) by resident CCR2– macrophages
was identified as a crucial driver of cardiomyocyte growth.42 Using a
genetic model of dilated cardiomyopathy, resident CCR2– macro-
phages were shown to interact with cardiomyocytes via focal adhe-
sion complexes.43 Mechanical stimuli were sensed by these resident
macrophages via TRPV4 and resulted in IGF-1 release. This further
supports the physiological implication of resident cardiac macro-
phages in mechanosensing, as initially reported by Sager et al.44

Despite the intense mechanical stress and high metabolic demand,
cardiomyocytes in the adult heart have only a minimal turnover rate.
Hence, it may not be surprising that cardiomyocytes rely on the
interaction of non-myocytes, including immune cells, in maintaining
cardiac tissue homeostasis. Recent studies have elucidated important
housekeeping functions of resident cardiac macrophages for main-
taining cardiac homeostasis. Light sheet microscopy imaging of car-
diac resident macrophages with the help of reporter mice expressing

GFP under the CX3CR1 promoter revealed their ubiquitous distri-
bution throughout both ventricles.38 Confocal imaging further
revealed that cardiac macrophages where generally localized in direct
contact to cardiomyocytes, suggesting a cellular crosstalk between
both cell types. Using a multitude of experimental models and imag-
ing modalities, the same study elegantly demonstrated that cardiac
resident macrophages take up cardiomyocyte cellular content,
including mitochondria-carrying particles. The particle formation is
driven by the cardiomyocyte autophagy machinery, while the uptake
by cardiac macrophages is phagocytosis receptor MerTK-dependent.
This cellular crosstalk seems to play an important role in maintaining
cardiac homeostasis, since its blockage, e.g. by cardiomyocyte
autophagy ablation, resulted in cardiometabolic dysfunction. These
novel insights strengthen previously reviewed findings on crucial func-
tions of macrophages in the heart, including electrical conduction
driven by gap junction-dependent electrical coupling between atrial
cardiomyocytes and macrophages.39,45

Less is known about adaptive immune cells in cardiac homeostasis,
although insights from other chronic disease conditions such as
rheumatoid arthritis suggest that maladaptive T cell ageing may pro-
mote chronic inflammatory disorders, as protective T cell functions
decline and pro-inflammatory effector cells are enriched.46,47 Hence,
maladaptive T cell responses may render the heart susceptible to
tissue-damaging chronic inflammation. A potential role for B cells in
cardiac homeostasis was suggested after tracking circulating B cells in
murine hearts, revealing that a subset of B cells transiently arrested
on the cardiac microvascular endothelium during their transit
through the heart.48 The vast majority of myocardial B cells remained
intravascular, whereas < 5% extravasated into myocardial tissue. B
cell-deficient animals had a reduced myocardial mass, increased left
ventricular ejection fraction, and faster relaxation as well as an
increased cardiac T cell composition. However, the precise

Figure 3 Cardiac resident macrophage heterogeneity during steady state. Macrophages in the healthy adult heart are highly heterogeneous, which
is related to their distinct ontogeny (embryonic vs. adult bone marrow monocyte progenitor-derived) and tissue microenvironment. A common set
of markers to identify macrophages includes F4/80, CD64, and MerTK. CCR2– macrophages largely originate from embryonic (yolk sac and foetal
liver) origin and can be further subdivided into LYVE1þ MHCIIlo and LYVE1– MHCIIhi. TIMD4 recently emerged as additional marker of CCR2–

MHCIIlo resident macrophages that is fully maintained independent of blood monocytes, whereas CCR2– MHCIIhi TIMD4– resident macrophages
are partially replaced.23 CCR2þ macrophages are derived from bone marrow haematopoiesis, giving raise to CCR2þ blood monocytes that enter
the adult heart.39 Another dimension of cardiac bone marrow monocyte-derived macrophage heterogeneity involves the separation into LYVE1þ

MHCIIlo CX3CR1lo and LYVE1– MHCIIhi CX3CR1hi tissue macrophage subsets with distinct localization and functional specializations.40

Tuning the immune response in heart disease 1537
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mechanisms how B cells might affect cardiac growth and contractility
remain to be investigated.

Innate and adaptive immunity in
ischaemic cardiac disease

A major cause of cardiac disease is MI, which represents the leading
cause of hospitalization and mortality in Europe.49 MI induces a mas-
sive loss of cardiac tissue, which subsequently elicits an inflammatory
response and repair process.50 Immune cells including neutrophils
and monocyte-derived macrophages are recruited to the heart and
promote the clearance of dead cardiomyocytes. Neutrophils and
macrophages in the ischaemic myocardium are involved in both, in-
flammatory as well as reparative processes.51–54 Although these im-
mune cells are integral key players of cardiac healing, an unbalanced
or unresolved immune reaction after MI aggravates tissue damage
that triggers maladaptive remodelling and HF.50,55–58 Hence, stimulat-
ing the resolution of post-ischaemic inflammation has been consid-
ered as an attractive therapeutic strategy to improve infarct repair. In
this context, experimental studies have focused on local regulators
and signalling pathways in the cardiac microenvironment promoting
the resolution of inflammation, highlighting among other, the rele-
vance of Wnt signalling in this process.59

The distinct functional properties of myeloid cells during the post-
MI inflammatory and resolution stage suggests the involvement of
phenotypically distinct subsets. Indeed, there is substantial evidence
that cardiac macrophages exhibit high phenotypic diversity with dis-
tinct origins and functions, as reviewed elsewhere.39 More recent
mechanistic insight on how monocyte-derived CCR2þ macrophages
shape the inflammatory responses in the ischaemic myocardium
revealed an involvement of the cGAS-STING signalling pathway,
which is activated by extracellular DNA released from dying cells
(Figure 4).60 This leads to an activation of the transcription factor
interferon regulatory factor 3 (IRF3), which, in turn, induces Type I
interferon (IFN) release and further monocyte recruitment. A more
in-depth scRNA-seq-based transcriptional profiling of myeloid cells
after MI in mice revealed that the IRF3-dependent IFN gene expres-
sion signature is already acquired in bone marrow myeloid cell pre-
cursors, and negatively regulated by Tet methylcytosine dioxygenase
2 (TET2).67 Genetic loss of TET2 in humans is one of the most com-
mon mutations linked to clonal haematopoiesis. This is in agreement
with previous findings showing that Tet2 deficiency in haematopoietic
cells is associated with greater cardiac dysfunction in murine models
of HF, as a result of elevated interleukin (IL)-1b signalling.68 In CCR2–

cardiac resident macrophages, the IFN response is counteracted by
transcription factor nuclear factor erythroid-derived 2-like 2 activa-
tion.67 The IFN response signature was also confirmed in humans,
using scRNA-seq analysis of blood cells collected from a patient with
non-ST-elevation MI 48 h after onset of chest pain.

A new macrophage phenotype was recently identified in the peri-
cardial cavity of mice and humans, which is transcriptionally distinct
from neighbouring cardiac macrophages.69 This subset expresses
GATA6, which is also a marker of peritoneal macrophages (Figure 4).
Bulk seq transcriptional pathway analysis in comparison to cardiac
macrophages revealed enrichment for expression of genes related to
protein and nucleic acid metabolism, whereas the expression profile

was rather similar to peritoneal macrophages. In response to cardiac
ischaemic injury, pericardial cavity macrophages were recruited to
the myocardium between Days 3 and 7, which was independent of
the chemokine receptor CCR2. This suggests that pericardial cavity
macrophages do not depend on monocyte influx. Targeted genetic
deletion of GATA6þ pericardial macrophages in mice subjected to
MI resulted in detrimental cardiac interstitial fibrosis in the remote
myocardium and consequently increased ventricular stiffness. The
finding that such macrophages were also found in human pericardial
fluid supports a possible relevance of these cavity cells in human car-
diac tissue homeostasis and immunosurveillance. In murine models of
MI, however, it is challenging to study their pathophysiological role,
as the pericardium is usually disrupted by the surgical procedure.
Using non-invasive models such as the recently described
echocardiography-assisted technique for MI induction in mice might
be preferable.70 Moreover, it might be interesting to study their func-
tion in other models of cardiac disease, e.g. using a Cre-inducible
diphtheria toxin receptor mouse model for targeted necrosis of car-
diomyocytes or angiotensin II infusion-induced remodelling.

Temporal changes of neutrophil markers have been initially
described by gene expression profiling of isolated cardiac neutrophils
using a limited number of predefined markers.71 Interestingly, experi-
mental data also indicate sex-specific differences in neutrophil pheno-
types post-MI, which strengthens the relevance of sex-specific
aspects in cardiac inflammation.72 More recently, the detailed tem-
poral transcriptomic analysis of murine neutrophils at single-cell reso-
lution highlighted the diversity of neutrophils during ischaemic
cardiac inflammation. While circulating neutrophils acquired an aged
phenotype characterized by loss of surface CD62L and up-regulation
of CXCR4, heart infiltrating neutrophils acquired a unique SiglecFhi

signature (Figure 1).62 A similar cardiac neutrophil subset appearing
after MI was validated by scRNA-seq data from Kevin King’s lab.73

Siglec F is a cell surface lectin, and a few experimental studies have
reported pro-tumourigenic and antimicrobial functions of SiglecFhi

neutrophils. SiglecFhi neutrophils have an activated phenotype, pro-
duce reactive oxygen species, and have higher phagocytic activity
than SiglecFlo neutrophils and a prolonged lifespan.74–76 However,
the functional role of this subset in post-ischaemic cardiac healing
remains to be investigated. Another fundamental question is whether
heterogeneity originates from the release of bone marrow neutro-
phils into the circulation at different maturation stage or local priming
of neutrophils in the cardiac tissue microenvironment or both. The
fact that the SiglecFhi neutrophil subset was neither found in the bone
marrow nor spleen suggests a local priming in the inflammatory
microenvironment.62 In line with this concept, latest assay for
transposase-accessible chromatin using sequencing data unveiled dif-
ferential chromatin remodelling and transcription factor networks in
neutrophils, depending on their developmental stage, activation state,
and tissue microenvironment.77 In particular, RELB, IRF5, and JUNB
have been linked to neutrophil effector responses in inflamed tissue,
and RFX2 and RELB to increased neutrophil survival. Nevertheless, it
is also conceivable that during emergency granulopoiesis post-MI,
neutrophils with different maturation stages are mobilized and con-
tribute to cardiac neutrophil heterogeneity, as already described
upon microbial or tumourigenic stress, both in mice and human
patients.78,79

S. Steffens et al.1538
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..While basophils have been largely ignored as innate immune sub-
set in the context of post-MI inflammation, recent experimental data
now highlight an essential role for basophil-derived IL-4 and IL-14
production in the heart, by balancing the ratio of proinflammatory
monocytes to reparative Ly6Clo macrophages in the infarcted heart
(Figure 1).63 A possible clinical relevance of basophils was supported
by associations between initial low blood basophil counts and worse
1-year outcome in MI patients. Likewise, innate lymphoid cells (ILCs)
have not been studied much in the context of CVD so far. Despite
being part of the lymphoid lineage, they do not contribute to antigen-
specific responses. Latest published findings highlighted their contri-
bution in post-MI repair.66 Remarkably, ILC Type 2 (ILC2s) expand in
the pericardial adipose tissue after experimental MI, while genetic de-
pletion of ILC2s worsened cardiac recovery post-MI (Figure 4).
Treatment with low-dose IL-2 to expand ILC2s improved cardiac
function in mice. In view of a translational perspective, IL-2 infusion in
patients with acute coronary syndromes expanded circulating ILC2s.

Although still quite speculative, it is suggested by the authors that ac-
tivation of ILC2s by low-dose IL-2 could be a novel therapeutic strat-
egy to improve post-MI outcome.

Adaptive immune cells also contribute to the immune response
after MI, although the underlying mechanisms are still incompletely
understood. The cardiac B and T lymphocyte numbers are relatively
low and peak around day 7 after MI in murine models of permanent
ligation.80–83 Zouggari et al.80 demonstrated that B cells contribute to
MI injury and unfavourable remodelling by promoting the release of
Ly6Chi monocytes from the bone marrow via secretion of CCL7.
Furthermore, experimental data have identified a substantial amount
of B cells residing in clusters within the pericardial adipose tissue.84

Pericardial B and T cells were activated and expanded by prolifer-
ation in response to MI.64 The interaction with dendritic cells and
patrolling non-classical monocytes might play a relevant role in con-
trolling the pericardial lymphocyte fate in this context
(Figure 4).64,65,85 Mechanistic in vivo experiments further

Figure 4 New insights into immune cell functions and phenotypes in ischaemic cardiac injury. (1) Cardiac macrophages in the healthy heart are
mostly CCR2– and of foetal origin, as opposed to monocyte-derived CCR2 expressing macrophages, which infiltrate the heart after MI.1 Ischaemic in-
jury reduces CCR2– TIMD4þ and TIMD4– resident macrophage abundance,23 whereas CCR2þ monocyte-derived macrophages expand and adopt
heterogeneous phenotypes within infarcted tissue. (2) The cGAS-STING signalling pathway is activated in CCR2þ macrophages by extracellular
DNA released from dying cells, thereby promoting an IRF3-dependent type I IFN release and monocyte recruitment.60 (3) Engulfment of dying cells
by macrophages within the infarcted myocardium results in elevated macrophage fatty acid content, which stimulates mitochondrial respiration.61

This metabolic signalling pathway promotes an anti-inflammatory macrophage response during wound healing after MI. (4) The different post-MI
healing stages are also accompanied by diverse neutrophil subsets, with an aged neutrophil phenotype accumulating in the circulation over time.
Conversely, heart infiltrating neutrophils acquire a high expression level of the surface lectin SiglecF, resembling an activated phenotype previously
observed in cancer.62 (5) Basophil-derived IL4 and IL14 production plays an essential role in the infarcted heart, by balancing the ratio of proinflamma-
tory monocytes to reparative Ly6Clo macrophages.63 (6) A new macrophage phenotype expressing GATA6 has been identified in the pericardial cav-
ity fluid, which is recruited to the heart in response to MI and plays a protective role by preventing excessive cardiac fibrosis. (7) The pericardial
adipose tissue contains lymphoid clusters [fat-associated lymphoid clusters (FALCs)], which expand after MI.64 Activated dendritic cells migrate from
the infarcted myocardium to pericardial adipose tissue FALCs and induce B and T cell proliferation. (8) Moreover, an increasing number of patrolling
Ly6Clo monocytes, which express PDL1, interacts with T cells within pericardial FALCs and induces their apoptosis, possibly as an inhibitory mechan-
ism to prevent sustained lymphocyte activation.65 (9) IL2 promotes ILC2 expansion in the circulation and the pericardial adipose tissue after MI, and
is associated with an improved cardiac function, while genetic depletion of ILC2s worsened cardiac recovery post-MI.66 (10) An innate-like B cell sub-
set within pericardial FALCs expresses high amounts of GM-CSF in response to MI, which induces IL23 and IL17 cytokine release by other pericardial
immune cells.64 (11) The systemic cytokine increase triggers the production of the granulocytic factor G-CSF, which, in turn promotes de novo pro-
duction of neutrophils in the bone marrow, thereby maintaining the neutrophil supply to the ischaemic heart.64

Tuning the immune response in heart disease 1539
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demonstrated that the pericardial lymphocyte response enhanced
bone marrow granulopoiesis and thereby neutrophil infiltration into
the infarcted myocardium via pericardial granulocyte-macrophage
colony-stimulating factor and IL-17 release, which, in turn, triggered
granulocyte colony-stimulating factor production.

In addition to cytokine release and cell–cell contact, B cells exhibit
humoral immune functions. A recent experimental study investigated
the contribution of autoantibody producing B cells in an experimental
model of MI-accelerated atherosclerosis.86 Alarmins released from
the infarcted heart were proposed as B cell activating factors in a
mechanism involving Toll-like receptor adaptor protein MyD88. The
B cell activation resulted in enhanced splenic plasma cell immunos-
taining, accompanied with increased deposits of immunoglobulin G
antibodies in atherosclerotic plaques. These findings support the con-
cept that atherosclerosis shares features of autoimmune disease,
with autoreactive clones producing antibodies raised against circulat-
ing or plaque epitopes.87 Increased production of autoantibodies
after MI is proposed as a causal mechanism for accelerated athero-
sclerosis progression in this mouse model.86 Although this concept is
intriguing and may open new perspectives for prognosis and therapy,
further studies are needed to strengthen these findings. For example,
the study did not assess circulating antibody titres in the mouse
plasma, and no flow cytometric immunoprofiling of the splenic B cell
repertoire was performed. Circulating immunoglobulins could be
easily monitored in human MI patients with or without secondary
coronary events, in order to clarify a potential relevance for human
pathophysiology. A recent study from Heinrichs et al.88 employed
scRNA-seq and B cell receptor sequencing to study B cell responses
after MI in the murine heart and draining lymph nodes. While the
post-MI cardiac B cell repertoire was polyclonal without indication
for antigen-specific clonal expansion, a specific subset of activated
cardiac B cells expressing CD69, CCR7, and CXCR5 was identified.
The cardiac B cell response was accompanied by a moderate antigen-
specific germinal centre reaction in the draining lymph nodes.

Linking metabolism to immune
cell repair function in cardiac
disease

Heart failure is associated with a metabolic shift and loss of metabolic
flexibility.89 Under physiological conditions, the heart is able to use
multiple energy substrates for mitochondrial ATP production, includ-
ing fatty acids, glucose, and ketones. There is also evidence that me-
tabolism in non-myocyte populations, including cardiac fibroblasts,
immune cells, and endothelial cells, plays an important role in cardiac
remodelling and adaptation to injury.90 For example, endothelial
Notch signalling is a critical regulator of cardiac blood vessel forma-
tion and fatty acid transport in the heart under homeostatic condi-
tions, while impaired endothelial Notch signalling leads to cardiac
hypertrophy and HF.91

During cardiac inflammation such as ischaemic injury, both cardio-
myocytes and immune cells undergo metabolic reprogramming, in
order to deal with decreased availability of nutrients and oxygen.2

Moreover, there is an accumulation of signalling metabolites such as
lactate, which may also affect the immune cell properties and possibly

interfere with their reprogramming to a reparative phenotype.
Hence, the metabolic crosstalk between immune cells and cardio-
myocytes might crucially regulate the balance between resolution of
inflammation vs. adverse cardiac remodelling. Existing knowledge
about macrophage immunometabolism is mostly based on in vitro
studies in bone marrow-derived macrophages, showing that pro-
inflammatory polarization promotes glycolysis, whereas anti-
inflammatory stimulation shifts the metabolic profile towards oxida-
tive phosphorylation.92 Engulfment of apoptotic bodies in the
infarcted myocardium, which is termed efferocytosis, is an essential
process in the resolution of inflammation and post-MI repair56 and
induces a heterogeneous transcriptional reprogramming in macro-
phages.93 Moreover, the apoptotic body uptake leads to a metabolic
load in the engulfing macrophages, in particular long chain fatty acids,
which induces the respiratory chain and is required for their anti-
inflammatory polarization.61 In mice with genetically impaired mito-
chondrial electron transport chain in myeloid cells, the inflammatory
response after MI was disturbed, with an increased mortality due to
left ventricular rupture and reduced expression of anti-inflammatory
and pro-fibrotic cytokines IL-10 and transforming growth factor-b. A
key regulator of metabolic adaptation to hypoxia is hypoxia inducible
factor (HIF). Latest findings from DeBerge and colleagues94 revealed
differential roles of various HIF isoforms in post-ischaemic regulation
of cardiac macrophage metabolism. HIF-2a suppressed anti-
inflammatory macrophage mitochondrial metabolism, while HIF-1a
promoted cleavage of cardioprotective MerTK through glycolytic
reprogramming of macrophages, suggesting that both isoforms antag-
onize post-ischaemic repair. Surprisingly, the combined loss of both
isoforms in myeloid cells resulted in enhanced necroptosis, disturbed
fibrotic repair, and consequently enhanced cardiac rupture after MI
as a consequence of impaired inflammation resolution. It is suggested
that the underlying reason for this unexpected finding is an increased
hypoxic macrophage death, since both isoforms act together to sup-
press mitochondrial reactive oxygen species production and
necroptosis.

To conclude, a growing body of evidence highlights the close inter-
connection between macrophage signalling and metabolic reprog-
ramming. Further research is needed to better understand the
hierarchy of events leading to the distinct cellular responses, in par-
ticular whether failed resolution is a consequence of disturbed meta-
bolic reprogramming or vice versa if excessive proinflammatory
activation leads to a metabolic imbalance. The immunometabolic
changes in adaptive immune cells in the context of cardiac ischaemia
and repair are still unknown and deserve further investigation. For
example, it is conceivable that local changes in metabolites within the
ischaemic myocardium may have an impact on T cell effector and
regulatory functions.92

Immunotherapy for cardiac
disease: emerging targets and
delivery methods

The concept of immunotherapy has revolutionized the cancer field
and other immune diseases, including CVD. The first clinical study
testing the effect of anti-inflammatory therapy on cardiovascular
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clinical outcome was the Canakinumab Antiinflammatory
Thrombosis Outcome Study (CANTOS) trial.95 Canakinumab
resulted in a significantly lower rate of recurrent cardiovascular
events than placebo in patients with previous MI, regardless of lipid-
level lowering, although all-cause mortality did not significantly differ.
The downside was a small but statistically significant increase in bac-
terial and viral infections, including fatal infections, in those receiving
canakinumab. Clinical benefits in MI patients were also observed in
the Colchicine Cardiovascular Outcomes Trial (COLCOT), despite
a small, significant increase in pneumonia.96 This emphasizes the need
for safer anti-inflammatory therapies by optimizing target specificity
and drug delivery, in order to limit potential systemic side effects and
preserve the patient’s host defence.

Nanomedicine has emerged as a promising tool for targeted drug
delivery with reduced toxicity, e.g. for cancer treatment. It uses nano-
particles, such as lipid-based formulations, as carriers for targeted
drug delivery into selective tissues or cell types. A prototypic ex-
ample for a nanotechnology-based medical application is the new
class of COVID-19 mRNA vaccines developed by BioNTech/Pfizer
and Moderna, which are composed of messenger ribonucleic acid
strands encapsulated in lipid nanoparticles.97 The goal of the nano-
particle delivery is to improve the solubility, biodistribution, and sta-
bility of the drug, which is optimized by chemical engineering.
Moreover, fluorescent or radiolabelling of nanoparticles allows non-
invasive in vivo imaging of the drug dynamics.98,99 A few preclinical
studies have already used nanoparticles designed for selective im-
munotherapy of CVD.100,101 For example, systemic administration of
nanoparticles for selective Ccl2 transcriptional silencing in bone mar-
row niche endothelial cells efficiently inhibited leucocyte egress and
translated into reduced cardiac leucocyte recruitment upon MI.102 In
order to identify nanoparticles for selective immune cell targeting in
CVD, an in vivo screening approach with a nanoparticle library has
been established, which can be useful to optimize drug delivery for
selected compounds.103

Moreover, nanotracers have been successfully used for studying
myeloid cell behaviour in mouse models of atherosclerosis and MI. In
particular, a radiolabelled high-density lipoprotein-derived nano-
tracer was developed for non-invasive tracking of myeloid cell egress
from the spleen and bone marrow and subsequent accumulation
within the plaque and infarcted heart.104 In the future, it is conceiv-
able to implement such imaging modalities together with RNA-seq
transcriptomic profiling as additional readout in clinical trials, e.g. in
order to monitor haematopoietic bone marrow niche activity in MI
patients that receive anti-inflammatory medications.105,106

Conclusions

In the past few years, we have encountered an impressive techno-
logical revolution, which was accompanied by collective efforts to
disambiguate the nature of immune cell diversity in health and dis-
ease. The available datasets will be instrumental for upcoming studies
aimed at better understanding the pathophysiological role of the di-
verse subsets and emerging new markers in cardiac disease. More
efforts are needed to consider the impact of the biological sex on car-
diac disease outcome in preclinical studies. There is emerging evi-
dence that the immune response in cardiac disease differs between

men and women, which may require sex-specific testing of novel
anti-inflammatory cardiovascular drugs. Finally, with the globally age-
ing population, age-related changes in immune cell functions, referred
to as inflammageing, may become more important in the future. To
this end, the preclinical testing of novel immunotherapies should also
include animals at advanced age and models of age-related cardiac
dysfunction.
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