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Abstract
Introduction: Globally, Myocardial Ischemia or Ischemic Heart Disease (IHD) inflicts 126 million individuals, totaling an
estimated nine million deaths annually. IHD injury and healing are characterized by recruitment of several immune cell types
to the cardiac tissue. In addition, atherosclerosis, a common causative factor of IHD, is initiated by mediators of innate and
adaptive immunity, thus providing the rationale for studying the role of immune cell types in myocardial ischemia. Clarifying
the functions and interactions among these cell types will inform drug targeting studies and ultimately facilitate development
of IHD treatment and prevention approaches.

Methods: This systematic review highlights and summarizes pertinent studies evidencing the function and interaction of
macrophages, monocytes, lymphocytes, platelets, and endothelial cells in IHD pathology. Electronic databases searched
consist of Ovid, PubMed, Google Scholar, Web of Science, and ScienceDirect. Keywords include: “immune cells”, “innate
immunity”, “inflammation”, “cardiac macrophages”, “adaptive immunity”, “lymphocytes”, “B cells”, “T cells”,
“T-regulatory cells”, “myocardial infarction”, “reperfusion”, and additional related keywords.

Results: Macrophages, monocytes, lymphocytes, platelets, and endothelial cells interact under innate and adaptive immune
responses to initiate and sustain inflammation in cardiac tissue. Sustained inflammation signals for the recruitment of
associated molecules to the site of ischemic heart damage which instigate injury and healing processes.

Discussion: Building a comprehensive picture of interacting cell types enables the identification of druggable targets and
potential treatment and prevention options. Here, we propose several steps of IHD pathology during which further studies
with agonist and inhibitor molecules may yield fruitful treatment directions. Lastly, we discuss study limitations and future
research avenues.

Conclusions: Overall, explicating the immune cell type function and interactions will build a connective understanding of
IHD pathology. In turn, elucidating the molecular and cell-specific mechanisms of the inflammatory immune response in
cardiomyopathies will aid in the modelling of IHD disease progression as well as facilitate the identification of potential
biomarkers and druggable targets to alleviate heart failure disease burden.

Keywords: myocardial ischemia; immune cells; innate immunity; inflammation; adaptive immunity; lymphocytes;
myocardial infarction; reperfusion

Introduction
Globally, Myocardial Ischemia or Ischemic Heart

affecting downstream biological processes and metabolic
balance [3-5]. Clinical symptoms of IHD include shortness

Disease (IHD) inflicts 126 million individuals, totaling an
estimated nine million deaths annually [1]. Typically
referred to as coronary artery disease (CAD), IHD often
clinically manifests as ischemic cardiomyopathy (CM) and
myocardial infarction (MI), or damaged cardiac muscle
cells and heart attack, respectively [1,2]. Ischemia is the
deficiency of oxygen; it functions in promoting tissue
necrosis, the swelling and rupturing of cells that lead to cell
death [3]. The common causative mechanism of IHD is the
accumulation of emboli—commonly atherosclerotic
plaques—in the coronary arteries [3], which restricts blood
vessel diameters [4]. Resultantly, the blood oxygenation
and blood supply to target organs are significantly reduced,
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of breath; constrictions of the chest, neck, and jaw area; and
cold sensations, which are further exacerbated by physical
and emotional stress [2,6]. Risk factors include underlying
cardiometabolic conditions such as hypertension, obesity,
smoking, and a sedentary lifestyle [7]. As of yet, there are
no effective treatments for IHD [8]. Considering the
multifactorial nature of IHD, there are several frameworks
under which IHD pathogenesis and injury may be analyzed.
Of focus for this review, we will study IHD pathology
through an immunological perspective. The objective of
this paper is to analyze the distinct yet connected roles that
various immune cells play in IHD to pave a way for the
development of potential treatments. IHD is associated with
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an innate and adaptive immune response with particular
emphasis on the inflammation, which is initiated as a
mechanism for the injury and healing processes [4,9,10]. As
key players of inflammation, several immune cell types are
recruited to associated cardiac tissue; these cell types
include monocytes, macrophages, T cells, B cells, platelets
and endothelial cells [10,11]. Macrophages are the major
phagocyte population resident in most normal tissues at
homeostasis [12]. They can arise either from progenitor
cells that enter the tissues during embryonic development
or from circulating monocytes [12]. There are four main
functions that macrophages play in immunity: they engulf
and kill invading microorganisms, dispose of pathogens and
infected cells targeted by adaptive immune responses, help
induce inflammation, and act as scavenger cells to clear
debris [12]. Monocytes circulate in the blood; during
infection, they are rapidly recruited to tissue injury sites
where they differentiate into macrophages [12]. B and T
lymphocytes are responsible for initiating adaptive immune
responses when they encounter cognate antigens specific to
their receptors[12]. Once activated, B cells differentiate into
effector plasma cells which secrete antibodies, thus playing
a role in humoral immunity [12]. Similarly, activated T
cells differentiate into effector CD4+ helper T cells and
CD8+ cytotoxic T cells [12]. CD4+ T cells secrete
cytokines which are vital for the function of CD8 T cells as
well as the production of antibodies by plasma cells [12].
CD8+ cells directly kill threats, thus playing a role in
cellular immunity [12]. Platelets play a role in the
maintenance of hemostasis—the process that leads to a
cessation of bleeding in the event of a blood vessel rupture
[13]. Endothelial cells participate in both innate and
adaptive immune responses [14]. They are one of the first
cell types to detect foreign pathogens [14]. Upon the
detection of microbial products in the bloodstream,
endothelial cells cause the production of pro-inflammatory
cytokines and chemokines, recruiting other immune cell
types to the site of infection and amplifying the immune
response [14]. We chose to study the role of immune cell
types in ischemic heart disease due to pre-established links
between atherosclerosis and cytokines. Atherosclerosis, a
chronic inflammatory disorder, is initiated by endothelium
activation and the recruitment of immune cells by
chemokines [15]. In addition, cytokines are deeply involved
in the pathogenesis of atherosclerosis [15]. As chemokines
and cytokines are intertwined with both innate and adaptive
immunity, and atherosclerosis is a common causative factor
of IHD, we have chosen to focus on the role of immune
cells in IHD. Examining the details of these mechanisms
will hopefully provide different avenues to explore and
focus on the role inflammation plays in IHD.

Methods

To examine the functions and interactions of immune
cell types in IHD disease progression, a systematic
literature review surrounding myocardial ischemia as well
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as the involved immune cells and processes was conducted.
A keyword search was performed using electronic
databases—Ovid, PubMed, Google Scholar, Web of
Science, and ScienceDirect—followed by a reference list
search of the bibliographies of the found studies. Inclusion
criteria included the primary keyword, “myocardial
ischemia,” and the following secondary keywords:
“immune cells”, “innate immunity”, “inflammation”,
“cardiac macrophages”, “adaptive immunity”,
“lymphocytes”, “B cells”, “T cells”, “T-regulatory cells”,
“myocardial infarction”, “reperfusion”, and additional
related keywords. Exclusion criteria included articles that
were not peer-reviewed and/or preceded the last decade
(prior to 2010). Dissertations, editorials, and commentaries
were excluded. A total of 147 articles were screened from
the aforementioned five databases. Screening included
application of inclusion and exclusion criteria as well as
filtering based on title and abstract relevance. Accordingly,
a total of 43 articles were retrieved for full-text review. The
43 analyzed articles consist of 23 primary research articles,
11 literature review articles, 7 meta-analyses, 1 academic
textbook, and 1 web article.

Results

Current literature establishes a significant role for the
inflammatory response in IHD [10,11,16-18]. Yet, there is
an absence of drugs specifically targeting this inflammatory
pathway, conceivably due to unsatisfactory results in early
clinical trials targeting pro-inflammatory cytokines [19]. In
this review, we discuss data indicating the role of
macrophages, monocytes, lymphocytes, platelets, and
endothelial cells in the inflammatory process to explicate a
basis upon which future therapeutic options may see
renewed interest.

Monocytes and Macrophages
Function in Steady State of the Heart

Presently, evidence points towards the occupancy of a
significant leukocyte population in a steady-state heart [20-
22]. Of all the mononuclear leukocytes—Ilymphocytes,
monocytes, macrophages, and dendritic cells—the steady-
state heart is home to a dense network of macrophages [20-
22], henceforth known as cardiac macrophages. An
examination of human myocardial samples documented the
presence of cardiac macrophages [21]. Preliminary
evidence using flow cytometry-based immunophenotyping
indicate the presence of macrophages in myocytes,
suggesting that in a steady-state heart, cardiac macrophages
are in direct contact with endothelial cells and myocytes
[20]. While the function of steady state macrophages has
yet to be fully elucidated, research using flow cytometry
methods and in vivo fate mapping of cardiomyocytes
speculate that they play a role in the ingestion of pathogens,
bone matrix turnover, and angiogenesis regulation [21,22].
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Function in Initiating and Sustaining of Inflammation

Two functions of macrophages—the ability to ingest
lipoproteins, giving rise to foam cells in atherosclerotic
plaque [23-25], and their vigorous response to myocardial
ischemia—make them particularly interesting in the study
of cardiovascular health [26]. Apart from the steady state,
macrophages are involved in the inflammatory events
leading up to first organ ischemia. In the event of
atherosclerotic plaque build-up, the interaction of
chemokines with specific chemokine receptors—for
instance  CX3CR1, CCR5, and CCR2—and adhesion
molecules on endothelial cells help to recruit monocytes. In
tissues, these monocytes differentiate into macrophages,
which then undergo localized proliferation to generate more
macrophages [16]. Monocytes and macrophages first
accumulate in the border zone of the infarction [27]. As
determined by myocardium post-mortem tissues extracted
at varying points after death and analyzed Vvia
immunohistochemistry and immunofluorescence, over
time, macrophages will migrate into the core of the
infarction [26]. As for monocytes, only in the event of
reperfusion will they be distributed to the core of the
infarction [27]. Reperfusion is the return of oxygenated
blood into the ischemic area and is a technique used to
prevent ischemia-induced fatalities [4]. However, the
sudden return of additional oxygenated blood into the blood
vessels may cause further tissue damage, worsening the
initial injury [4]. This can often lead to MI or IHD, and
possible complications for the patient [4].

Monocytes and macrophages sustain inflammation,
resulting in a destabilization of both the endothelial layer
and the extracellular matrix, and a weakening of vascular
health [16]. In addition, macrophage cytokine Migration
Inhibitory Factor (MIF) plays a crucial role in local
inflammation subsequent to ischemic injury. It has been
hypothesized that MIF has a role in the control of responses
to various stimuli involved in the inflammatory pathway.
For instance, MIF regulates the release of pro-inflammatory
cytokines and is linked to numerous inflammatory disorders
[28].

Function in the Healing Process

Soon after onset, IHD causes accelerated death of
tissue-resident macrophages [21]. Dying macrophages
function in plaque necrosis, which in turn contributes to
organ ischemia [16]. On the fourth day after IHD,
examination of the inflammatory and reparative phases of
IHD illustrate that inflammation subsides, and infarcted
macrophages switch to non-inflammatory phenotypes to
promote healing [16]. At this stage, as evidenced by the
larger infarct sizes of IR mice models as compared to the
control mice, non-inflammatory monocytes will also be
recruited to the infarcted zone [29]. The newly recruited
cells play a role in infarct healing [30,31], such as the
promotion of wound healing through phagocytosis and
proteolysis [16].
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Platelets and Endothelial Cells:
Indicators of Inflammation

Other crucial cell types that function in innate
immunity during IHD pathogenesis and injury include
platelets and activated endothelial cells. Recent studies
conducted in MI patients have shown increases in mean
platelet volume (MPV), platelet large cell ratio (P-LCR)
and platelet distribution width (PDW)—which are all
indicators of inflammation in vascular diseases, thus
evidencing the increase of platelet populations in MI [32].
Platelet activation has also been shown to be a marker for
acute coronary Ml in humans, as demonstrated by elevated
platelet function in patients [33].

Interaction of Activated Platelets and Endothelial Cells

Increases in active platelet populations tend to cause
dysfunction within blood circulation. Excessive platelet
activation often results in secondary ischemia in the
myocardium, leading to further damage [34,35]. Past drug
trials show that antiplatelet drugs provide significant
therapeutic benefits to patients with coronary diseases,
specifically MI [33]. Notably, platelets in MI patients
aggregate at the site of ruptured atherosclerotic plaques.
Activated platelets release microRNA (miRNA)—a non-
coding RNA that regulates gene expression—which are
taken up by endothelial cells, another key player in
inflammation. In turn, this increases endothelial cell gene
expression, including the expression of endothelial cell
intracellular adhesion molecule-1 (ICAM-1) [36]. Past
studies have shown that miRNA transfer between
endothelial cells limits the effects of atherosclerosis and
thus those of MI [36]. Increased expression of vascular
endothelial growth factor (VEGF) in endothelial cells also
play a vital role in the repair of ruptured vessels, as
demonstrated by rat models. As such, similar to ICAM-1,
VEGF has potential as a therapeutic target for ischemia
treatment [37].

The Role of Endothelial Cells in IHD Pathogenesis

Studies suggest that endothelial cells are sensitive to
IHD injury and may be critical mediators of IHD
pathogenesis [38]. Endothelial cells line the inner layer of
blood vessels; and under physiological conditions, they
regulate the inflammatory response through inhibitory
processes. Endothelial cells also function in cardiomyocyte
generation and homeostasis as discovered through cell
lineage tracing studies [39]. Accordingly, endothelial cells
are essential for the activation of neutrophils, platelets, and
plasma proteins, which help regulate the injury and
inflammation processes. After an ischemic event, the
surface proteins on endothelial cells are upregulated,
enabling their binding and activation of neutrophils,
platelets, and plasma proteins. These surface proteins
include selectins and immunoglobulin cell adhesion
molecules (CAM). Particularly, P-selectins and ICAM-1
enable the binding of macrophages and monocytes.
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Similarly, E-selectins, glycoproteins, and fibronectin
receptors enable the binding of platelets. Upon platelet
activation, a positive feedback mechanism is initiated
whereby endothelial cell surface receptors—including
selectins and ICAM—are upregulated. After binding to
endothelial surface proteins, the activated molecular players
then function in downstream inflammation and injury
events, thus exacerbating IHD severity [40].

CDA4+ T Cells and B Cells:
T Cells and IFN-y Signaling

In addition to the role of innate immune cells, research
has recently underscored the integral role of lymphocytes
during IHD pathogenesis and subsequent healing [41].
Early involvement of T-helper cells and cytotoxic T cells—
which are characterized by expression of CD4 and CD8
antigens, respectively—was first evidenced using RAG1
knockout (KO) mice [42]. Through T cell-dependent
cytokine accumulation, CD4+ T cells were found to
mediate IHD pathology via the induction of inflammation
[43,44]. CD4+-depleted RAG1 KO mice treated with CD4+
T cells derived from interferon gamma (IFN-y) KO mice
exhibited no increase in the infarct size, as opposed to the
control mice, thus evidencing the involvement of the IFN-y
expression pathway in injury. Moreover, CD4+-dependent
injury may be mitigated by adenosine (A2A) receptor
signaling, as demonstrated by decreased infarct sizes in
A2AR agonist-treated RAG1 KO mice. However,
lymphocyte-deficient RAG1 KO mice reconstituted with
CD8+ T cells continued to experience cardioprotection,
differing from RAG1 KO mice reconstituted with CD4+ T
cells, which lost cardioprotection [42]. In sum, mice studies
have revealed a role for CD4+ T cells in IHD pathology.
Beyond the extensive mice studies revealing CD4+-T cell
dependency in IHD pathology, clinical trials have also
paralleled a role for CD4+ T cells in human IHD pathology
[43,44].

B Cells and CCL7 Signaling

It is important to note, however, that CD4+-dependent
signaling does not act alone and cooperates with other
lymphocytes in IHD injury, notably B cells [43,44]. Mice
studies have shown infiltration of B cells at the infarct zone.
Production of chemokine (C-C motif) Ligand 7 (CCL7) by
B cells induces monocyte recruitment and infiltration,
further enhancing the inflammatory response and cardiac
tissue damage. Accordingly, B cell depletion disrupts the
inflammatory response, reducing the levels of both local
and systemic pro-inflammatory cytokines. Moreover, B cell
population numbers may be regulated via Baff receptors
(Baff-r), CD20 antibodies, and Baff antibodies. Depletion
of B cells via the aforementioned mechanisms enables
several pathways whereby CCL7 production may be
depleted, which ultimately rescues cardiac function through
reduction of cardiac injury. Depletion of mature B cells has
also been demonstrated to improve post-ischemic
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ventricular remodelling, thus improving cardiac function
[45]. Overall, there exists a molecular network under which
several immune cell types, including T and B cells, mediate
both IHD injury and healing processes.

Discussion

This systematic review aims to characterize the
mechanisms by which the relevant immune cell types—
macrophages, monocytes, platelets, endothelial cells, CD4+
T cells, and B cells—participate in IHD pathogenesis and
injury. In sum, the aforementioned cell types function in the
induction and sustaining of inflammation whereby
monocytes and macrophages interact with chemokine
receptors and cytokines [30]; activated platelets aggregate
at the rupture site and activate gene endothelial cell gene
expression programs [32,33,36]; and CD4+ T cells and B
cells participate in IFN-y and CCL7 signaling [42-45].
Considering the above, we will discuss potential therapeutic
targets and research directions for the development of
improved IHD treatments.

In the event of atherosclerotic plaque build-up, the
interaction of chemokines with specific chemokine
receptors and adhesion molecules on endothelial cells help
to recruit monocytes. In tissues, these monocytes
differentiate into macrophages, and both cell types sustain
inflammation. A potential therapeutic intervention may
involve disrupting the chemokine/chemokine-receptor
interaction, potentially through the expression of non-
competitive inhibitor molecules. Furthermore, studies have
shown that the deletion of Scavenger Receptor A reduces
plague macrophage proliferation [33], providing an
additional avenue to limit inflammation through
manipulating gene expression. However, because of the
non-specific nature of the innate immune response—which
protects patients from general infections, not just ischemic
injury—targeting inflammation might be problematic.
Another potential therapeutic avenue is MIF inhibitory
therapy, whereby MIF deficiency could serve a protective
function against ischemia/reperfusion (I/R) injury through
the suppression of a variety of inflammatory responses.
Mice studies have demonstrated that the duration of
ischemia and reperfusion determines the severity of local
inflammation and damage, and that MIF knockout mice
show significantly attenuated infarct sizes, indicating the
vital role of MIF in I/R injury [25].

Considering the vital role of elevated endothelial cell
gene expression in the repair of ruptured vessels, a
promising therapeutic approach may be upregulating VEGF
expression [36]. However, as this finding was elucidated in
rat models, doubts remain about the translational potential
to human biology. Furthermore, endothelial cells secrete
miRNA-containing  exosomes; these  pro-angiogenic
microRNAs induce angiogenesis—the process by which
blood vessels are formed. As such, exosomal miRNAs
reconstitute vasculature through the restoration of blood
vessels and may serve as a potential therapeutic
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intervention for IHD-induced vessel damage [46]. This
microRNA-mediated angiogenesis may be further
stimulated through treatment with promoting factors such
as fibroblast growth factor (FGF) or VEGF cytokines [47].
Past drug trials with coronary disease patients also put forth
antiplatelet drug treatment as a promising intervention
against platelet-induced inflammation [33].

Regarding lymphocyte involvement, CD4+ T cells
interact with the IFN-y expression pathway to induce
inflammation and injury [42-44]. Accordingly, potential
therapeutic approaches include targeting IFN-y signaling
molecules as well as their agonists and inhibitors. Prior to
such studies, it is crucial to improve the characterization of
the mechanisms by which CD4+ T cells act within the IFN-
y pathway. Relatedly, CD4+-dependent injury may be
mitigated by A2A receptor signaling [42]. Thus, A2A
agonists serve as an attractive candidate drug molecule for
IHD treatment. It is important to acknowledge, however,
that the mitigating effects of A2A agonists were
demonstrated in RAG1 KO mice, which may not
necessarily recapitulate physiological conditions within
mice, thus further complicating extrapolation to clinical
trials with human patients [42-44]. Finally, considering the
role of B cells in inflammation via CCL7 production,
potential experiments inhibiting CCL7 production through
regulating Baff receptors, CD20 antibodies, and Baff
antibodies may provide insight into the mechanisms of
cardiac injury [45]. Again, discretion must be exercised as
disruption of CCL7 production may yield unfavorable off-
target results outside of the cardiac system.

Immune cells and their function interact with one
another. Cardiac macrophages have been shown to be in
contact with endothelial cells and monocytes, suggesting
that these macrophages are associated with endocrine
signalling within the vasculature [20]. Accordingly, through
combined function, these immune cell types may play a

role in cardiomyocyte homeostasis and potential
immunomodulatory ~ functions  within  the  heart.
Additionally, cardiac macrophages express a

complementary binding protein which suppresses T-cell
activation, demonstrating how various immune cell types
may cross-regulate one another. On the other hand, cardiac
macrophages also enhance the growth and remodelling of
cardiomyocytes. [48]. Furthermore, macrophages release
interleukin-18 (IL-18), which promotes cardiomyocyte
growth and exacerbates cardiac dysfunction. Along with
monocytes, macrophages prolong inflammation, causing
instability of the endothelial layer with which macrophages
and monocytes are closely in contact [16].

Destabilization of the wvascular wall activates the
platelet system, which initiates tissue restoration. [16]. As a
result, the endothelial cells surface proteins to be activated,
leading to the activation of platelets, neutrophils, and other
plasma proteins. Specifically, the surface proteins P-
selectins and ICAM-1 allow the binding of macrophages
and monocytes [40]. Platelet granules release
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proinflammatory proteins, which prompt the surface
expression of ICAM-1 [40]. It is evidenced that surface
proteins, such as P-selectins and ICAM-1, activate platelets
and leukocytes, exacerbating the injury from the ischemic
event. Cytokines play a key role in inflammation [8]. CD4+
helper T cells induce inflammation using cytokines.
Specifically, T-helper cell 1 (Th1), causes the production of
cytokines such as IFN-y, thus promoting inflammation at
the site. IFN- y aids macrophages in eradicating infected
cells and helps B-cells procure antibodies. Additionally,
macrophage MIF controls the release of cytokines,
exacerbating inflammation at the site [28]. MIF is also a
cytokine itself, and thus plays a significant role in
facilitating inflammation.  Specifically, the toll-like
receptor-4 (TLR-4) pathway is employed in the innate
immune response. As well, the TLR4 pathway serves to
regulate the “set point” of inflammation in response to
certain triggers by controlling cell activation. Importantly,
its pathological role has been reported in several other
disorders involving inflammation, like rheumatoid arthritis.

Conclusions

Ultimately, mice studies provide a useful baseline for
transition into clinical trials and the testing of candidate
drug molecules. Still, it is important to acknowledge the
shortcomings of a mouse model system, which lack the
intricacies and accuracy of human clinical trials. As such,
further testing with more closely related animal models and
primates will offer better insights into IHD pathogenesis
and injury. Prospective longitudinal studies with IHD
patients will also strengthen previously established
frameworks and complete the present understanding of IHD
pathology. At heart, it is evident that a diverse group of cell
types act in the pathogenesis and injury of IHD,
demonstrating a complex interconnected landscape of
molecular interactions.

List of Abbreviations Used

A2A: adenosine A2A receptor

Baff-r: baff receptors

CAD: coronary artery disease

CAM: cell adhesion molecule

CCL7: chemokine C-C motif ligand 7
FGF: fibroblast growth factor

KO: knockout

IC: ischemic cardiomyopathy
ICAM-1: endothelial cell intracellular adhesion molecule 1
IFN-y: interferon gamma

IHD: ischemic heart disease

IL-18: interleukin-18

I/R: ischemia/reperfusion

MI: myocardial infarction

MIF: migration inhibitory factor
miRNA: micro-RNA

MPV: mean platelet volume

PDW: platelet distribution width
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P-LCR: platelet large cell ratio
TLR-4: toll-like receptor 4
VEGF: vascular endothelial growth factor
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