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Introduction
Cardiovascular diseases (CVDs) are a leading cause of global mor-
tality, accounting for approximately 18.6 million deaths annually—
a number projected to rise due to increasing life expectancy, urbani-
zation, and the growing prevalence of risk factors such as obesity, 
diabetes, and hypertension.1 Despite advancements in pharmaco-

logical and interventional treatments, the complex pathophysiology 
of CVD remains a significant challenge. Central to this complexity 
is the interplay between the immune system and cardiovascular tis-
sues, which plays a pivotal role in the initiation, progression, and 
resolution of these diseases.2 The immune system, comprising in-
nate and adaptive components, acts as a double-edged sword in car-
diovascular health. While immune responses are essential for main-
taining homeostasis and initiating tissue repair, their dysregulation 
can lead to chronic inflammation, fibrosis, and adverse remode-
ling—hallmark features of CVDs.3 For instance, macrophages con-
tribute both to the clearance of necrotic debris and the exacerbation 
of inflammation in myocardial infarction, whereas T cells are impli-
cated in the destabilization of atherosclerotic plaques.4 Understand-
ing the mechanisms that govern these immune responses is critical 
for developing novel diagnostic and therapeutic strategies. In re-
cent years, microRNAs (miRNAs) have emerged as key regulators 
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of the crosstalk between the immune and cardiovascular systems. 
miRNAs are small, non-coding RNA molecules, typically 18–22 
nucleotides in length, that regulate gene expression by binding to 
complementary sequences in the 3′-untranslated regions of target 
messenger RNAs (mRNAs) (Fig. 1).5

These molecules orchestrate a wide range of cellular processes, 
including apoptosis, differentiation, and immune modulation.6 
Immune-derived miRNAs, often referred to as “immuno-miRs”, 
are a subset predominantly expressed in immune cells such as 
macrophages, T lymphocytes, B cells, and natural killer (NK) 
cells.7 Their roles in CVD have garnered increasing attention due 
to their capacity to modulate inflammatory pathways and immune 
cell phenotypes. For example, miR-223—highly expressed in neu-
trophils and macrophages—acts as a critical regulator of myeloid 
cell differentiation and inflammatory responses, influencing ath-
erosclerotic plaque formation and stability.8 Similarly, miR-181a, 
a key player in T cell development and activation, has been shown 
to modulate immune aging, a factor contributing to the heightened 
risk of CVD in older adults.9 One of the most promising aspects 
of immune-derived miRNAs lies in their potential as biomarkers. 
Circulating miRNAs, found either freely or encapsulated within 
extracellular vesicles such as exosomes, offer a stable and non-in-
vasive means of assessing disease states. Their expression profiles 
can reflect underlying immune activity, providing insights into 
disease progression, severity, and treatment response.10 For exam-
ple, elevated levels of miR-21 and miR-155 in plasma have been 
correlated with adverse outcomes in heart failure and myocardial 
infarction, respectively, highlighting their diagnostic and prognos-
tic value.11 Moreover, immune-derived miRNAs represent a novel 
therapeutic frontier in CVD. Advances in RNA-based therapeutics 

have facilitated the development of miRNA mimics and inhibi-
tors (antagomiRs) designed to restore normal gene expression pat-
terns. Preclinical studies have demonstrated the efficacy of these 
approaches in reducing inflammation, promoting tissue repair, and 
improving cardiac function following myocardial infarction.12 For 
instance, nanoparticle-based delivery systems targeting miR-21 in 
cardiac macrophages have shown promise in mitigating pathologi-
cal remodeling and fibrosis.13 Despite these advances, challenges 
such as off-target effects, delivery efficiency, and long-term safety 
remain significant barriers to clinical translation.14 This review 
aimed to provide a comprehensive overview of the current under-
standing of immune-derived miRNAs in CVD. We will explore 
their roles in immune modulation, their potential as biomarkers for 
early diagnosis and risk stratification, and their therapeutic appli-
cations. By consolidating existing evidence and identifying gaps in 
knowledge, this work sought to support the integration of miRNAs 
into the field of precision cardiovascular medicine. Harnessing the 
potential of these molecules could revolutionize CVD manage-
ment by offering more targeted, effective, and minimally invasive 
therapeutic strategies to address this global health burden.

miRNAs in immune cell development and function
miRNAs are essential non-coding RNAs that play pivotal roles in 
regulating the development, differentiation, activation, and func-
tion of immune cells. By fine-tuning gene expression through 
mRNA degradation or translational inhibition, miRNAs are criti-
cal for maintaining immune homeostasis and mounting appropri-
ate responses to pathological stimuli.15 Immune-derived miRNAs, 

Fig. 1. Biogenesis of microRNA (miRNA). DGCR8, DiGeorge syndrome critical region 8; mRNA, messenger RNA; RISC, RNA-induced silencing complex.
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often termed “immuno-miRs”, regulate both innate and adaptive 
immune responses, influencing processes such as inflammation, 
tissue repair, and immune tolerance. Dysregulation of these miR-
NAs has been increasingly linked to the pathogenesis of CVDs, 
emphasizing their dual role as both contributors to disease progres-
sion and potential therapeutic targets (Fig. 2).16

miRNAs in innate immune cells
Innate immune cells—including macrophages, neutrophils, and 
NK cells—are the body’s first responders to tissue damage or in-
fection. miRNAs regulate their development, polarization, and ac-
tivation, shaping the balance between pro-inflammatory and anti-
inflammatory responses. Macrophages, known for their plasticity, 
can polarize into pro-inflammatory M1 or anti-inflammatory M2 
states depending on environmental cues. miR-223 is a key regula-
tor of macrophage differentiation, preventing excessive inflamma-
tory responses by targeting transcription factors such as nuclear 
factor I-A and other signal transducers.17 Studies have demon-
strated that miR-223 deficiency leads to unrestrained M1 mac-
rophage activation, exacerbating inflammation in conditions such 
as atherosclerosis and myocardial infarction.18 Another important 
miRNA, miR-155, is a well-characterized pro-inflammatory mole-
cule that promotes M1 polarization by enhancing cytokine produc-
tion—particularly tumor necrosis factor-alpha and interleukin-6—
via activation of the nuclear factor kappa B (NF-κB) pathway.19 
Overexpression of miR-155 has been associated with chronic 
inflammatory diseases including heart failure and hypertension, 
where persistent macrophage activation contributes to tissue dam-
age.20 Neutrophils, another vital component of the innate immune 
response, also rely on miRNAs for proper function. miR-146a 

acts as a negative regulator of neutrophil-mediated inflammation 
by targeting key elements of Toll-like receptor (TLRs) and NF-
κB signaling pathways, such as interleukin-1 receptor-associated 
kinase 1 (IRAK1) and tumor necrosis factor receptor-associated 
factor 6 (TRAF6).21 Dysregulation of miR-146a can lead to exag-
gerated neutrophilic responses, frequently observed in acute myo-
cardial infarction and other inflammatory conditions.22 NK cells, 
which are essential for antiviral defense and tumor surveillance, 
are also regulated by miRNAs. miR-27a has been shown to modu-
late NK cell cytotoxicity by targeting genes involved in degranu-
lation and cytokine release. Impaired miRNA expression in NK 
cells can compromise their function, contributing to the chronic 
inflammation seen in CVD.23

miRNAs in adaptive immune cells
In the adaptive immune system, miRNAs are indispensable for the 
regulation of T and B lymphocytes, ensuring proper immune acti-
vation and tolerance. T cells depend on miRNAs for both thymic 
development and peripheral activation. miR-181a is a master regu-
lator of T cell receptor (TCR) sensitivity, fine-tuning the signal-
ing threshold during positive and negative selection in the thymus. 
Reduced miR-181a expression in aged individuals has been asso-
ciated with diminished T cell responsiveness, contributing to im-
mune senescence and the increased risk of CVD in elderly popula-
tions.24 The miR-17-92 cluster, a polycistronic group of miRNAs, 
is crucial for T cell survival and proliferation. Dysregulation of this 
cluster impairs effector and memory T cell responses, weakening 
immunity during chronic inflammation, as seen in atherosclerosis 
and myocardial infarction.25 Regulatory T cells (Tregs) are criti-
cal for maintaining immune tolerance and preventing excessive 

Fig. 2. Overview of immune cells and their regulatory microRNAs (miRNAs). Th1, type 1 T helper.
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inflammation. miR-142-3p and miR-142-5p regulate Treg func-
tion by modulating cyclic adenosine monophosphate signaling 
and transforming growth factor-beta (TGF-β) receptor expression, 
both of which are essential for Treg-mediated suppression of pro-
inflammatory effector T cells.26 Deletion of miR-142 disrupts Treg 
homeostasis, leading to widespread immune activation and tissue 
damage in models of hypertension and atherosclerosis.27 B cells 
also rely on miRNAs for proper differentiation and antibody pro-
duction. miR-150 is critical for the transition from precursor to 
mature B cells, while miR-34a regulates class-switch recombina-
tion and somatic hypermutation. Dysregulation of these miRNAs 
can impair humoral immunity, contributing to chronic inflamma-
tion and the production of autoantibodies often observed in auto-
immune-associated CVD.28

miRNAs in immune cell crosstalk and extracellular vesicle com-
munication
Beyond their intracellular functions, miRNAs are instrumental 
in intercellular communication via extracellular vesicles (EVs), 
such as exosomes. Immune cells, including macrophages and T 
cells, release miRNA-enriched EVs into circulation, influencing 
the activity of distant target cells (Fig. 3). For instance, EVs en-
riched with miR-223, secreted by macrophages, can downregulate 
inflammatory signaling in endothelial cells, offering protection 
against vascular damage.29 Conversely, EVs containing miR-155 
released during chronic inflammation can amplify pro-inflam-
matory responses in recipient cells, thereby accelerating athero-
sclerosis progression.30 These findings highlight the dual role of 

miRNAs as both mediators and messengers of immune responses, 
making them attractive therapeutic targets for modulating immune 
cell communication in CVD.31

The regulatory functions of miRNAs in immune cells have 
profound implications for understanding and treating CVD. Their 
dysregulation contributes to disease pathophysiology while offer-
ing novel opportunities for therapeutic intervention. miRNA-based 
therapies—such as antagomiRs and miRNA mimics—have shown 
promise in restoring normal immune cell function in preclinical 
studies. For example, nanoparticle-mediated delivery of miR-21 to 
cardiac macrophages post-myocardial infarction has been shown 
to reduce fibrosis and improve cardiac function.32 Furthermore, the 
stability of circulating miRNAs makes them valuable diagnostic 
and prognostic biomarkers, enabling minimally invasive monitor-
ing of immune activity and disease progression.33

Immunity and CVD risk factors
CVDs are influenced by genetic and environmental factors, but also 
by complex interactions within the immune system. Chronic low-
grade inflammation, driven by dysregulated immune responses, has 
emerged as a hallmark of major CVD risk factors, including obesity, 
hypertension, diabetes, and dyslipidemia.34 The immune system 
modulates these risk factors through a network of innate and adap-
tive immune cells, cytokines, and miRNAs, which regulate inflam-
matory pathways and cellular communication. Understanding these 
interactions is crucial for identifying novel biomarkers and thera-
peutic targets for CVD prevention and management.

Fig. 3. miRNA-loaded extracellular vesicles (EVs) can be produced directly by T cells upon engagement with vascular cells. CARs, chimeric antigen recep-
tors; CD, cluster of differentiation; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; IL, interleukin; NK, natural killer; PD1, programmed cell death 1; 
PDL1, programmed death-ligand 1.
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Obesity and adipose tissue inflammation
Obesity is a major risk factor for CVD and is often accompanied 
by chronic inflammation in adipose tissue. Once considered a pas-
sive fat reservoir, adipose tissue is now recognized as an active 
endocrine organ that produces pro-inflammatory cytokines and 
adipokines. In obesity, immune cells infiltrate adipose tissue, con-
tributing to systemic inflammation and metabolic dysregulation.35 
Epicardial adipose tissue (EAT), a visceral fat depot surrounding 
the myocardium, has been implicated in the development of coro-
nary artery disease and atrial fibrillation. Increased EAT volume 
correlates with heightened expression of inflammatory miRNAs, 
such as miR-34a and miR-103, which modulate macrophage polar-
ization and Th2 chemokine signaling, respectively.36 miR-34a pro-
motes pro-inflammatory M1 macrophage activity, exacerbating lo-
cal inflammation, while reduced miR-103 levels in EAT have been 
linked to impaired regulation of anti-inflammatory pathways.37 
Furthermore, miRNAs in exosomes secreted by adipocytes, such 
as miR-223 and miR-155, influence immune cell behavior in dis-
tant tissues. These miRNAs enhance inflammatory responses in 
macrophages and endothelial cells, contributing to vascular dys-
function and insulin resistance.38

Hypertension and immune dysregulation
Hypertension, a major CVD risk factor, is increasingly recognized 
as an immune-mediated disorder. Early research demonstrated that 
Rag1 knockout mice, which are deficient in T and B lymphocytes, 
are protected against angiotensin II-induced hypertension, impli-
cating adaptive immune responses in the disease pathogenesis.39 
Subsequent studies have revealed specific miRNAs that regulate 
immune cells in hypertension. For instance, miR-214, which is 
upregulated in perivascular adipose tissue during angiotensin II-
induced hypertension, amplifies vascular stiffening and fibrosis by 
modulating T cell activation and cytokine production.40 Deletion 
of miR-214 reduces inflammation and vascular damage, highlight-
ing its therapeutic potential. Similarly, miR-31 influences the bal-
ance between Treg and T helper 17 cells, with its deletion reducing 
hypertension, cardiac hypertrophy, and renal fibrosis in experi-
mental models.41 In addition to adaptive immune responses, innate 
immune cells such as monocytes and macrophages play critical 
roles in hypertension. miR-155, widely expressed in these cells, 
exacerbates vascular inflammation and remodeling by targeting 
transcriptional repressors of pro-inflammatory pathways.42

Diabetes and immune-driven inflammation
Diabetes is a significant CVD risk factor characterized by chron-
ic systemic inflammation. Hyperglycemia and insulin resistance 
activate the immune system, leading to endothelial dysfunction 
and accelerated atherosclerosis. Immune cells, particularly mac-
rophages, infiltrate pancreatic islets and vascular tissues, con-
tributing to inflammation and tissue damage.43 miRNAs regulate 
immune responses in diabetes-associated CVD. For instance, miR-
146a mitigates inflammation by targeting IRAK1 and TRAF6 in 
macrophages, reducing cytokine production.44 However, its down-
regulation in diabetic patients leads to unrestrained inflammation 
and vascular complications. Conversely, miR-21 is upregulated in 
diabetes, promoting fibrosis and endothelial dysfunction by en-
hancing TGF-β signaling pathways.45

Dyslipidemia and atherosclerosis
Dyslipidemia, characterized by elevated low-density lipoprotein 
levels and reduced high-density lipoprotein, is a major driver of 
atherosclerosis. Immune cells, particularly macrophages, play a 

central role in plaque formation and progression by engulfing oxi-
dized low-density lipoprotein and forming foam cells. Dysregulat-
ed miRNAs contribute to this process by modulating lipid metabo-
lism and inflammatory signaling. miR-33, a well-studied miRNA 
in dyslipidemia, suppresses cholesterol efflux from macrophages 
by targeting ATP-binding cassette transporter A1, leading to lipid 
accumulation and foam cell formation.46 Inhibition of miR-33 
enhances cholesterol efflux and reduces plaque burden in experi-
mental models of atherosclerosis. Similarly, miR-155 promotes 
foam cell formation by enhancing macrophage inflammatory re-
sponses and reducing cholesterol efflux.47 miRNAs also influence 
endothelial dysfunction, a key early event in atherosclerosis. miR-
92a, enriched in endothelial cells exposed to disturbed flow, pro-
motes endothelial activation and monocyte adhesion by targeting 
Krüppel-like Factor 2 (KLF2) and other atheroprotective genes. 
However, focusing solely on miR-92a may provide an incomplete 
understanding.48 Other endothelial miRNAs play critical roles in 
early atherogenesis. For instance, miR-126, an endothelial-specific 
miRNA, is essential for maintaining vascular integrity and promot-
ing reparative angiogenesis; its dysregulation is closely associated 
with endothelial dysfunction and atherosclerotic development.49–51 
Similarly, miR-103 has been implicated in modulating endothelial 
inflammation and permeability, further contributing to atheroscle-
rosis.52 Emerging evidence also points to miR-10a, which can sup-
press endothelial activation by inhibiting NF-κB signaling path-
ways, thereby reducing inflammatory responses. Moreover, the 
miR-221/222 cluster regulates endothelial nitric oxide synthase 
expression and vascular tone, underscoring its role in modulating 
endothelial function.43 Collectively, these findings illustrate a mul-
tifaceted network of endothelial miRNAs that orchestrate vascular 
homeostasis and early atherogenic processes. This broader view 
emphasizes that a combination of miRNAs, rather than a single 
candidate, may better capture the complexity of endothelial regula-
tion in atherosclerosis.

Immune crosstalk and risk factor amplification
CVD risk factors rarely act in isolation. The immune system plays a 
critical role in amplifying the effects of these risk factors through in-
terconnected pathways. For example, obesity-induced inflammation 
exacerbates hypertension by promoting renal infiltration of immune 
cells, while diabetes-induced hyperglycemia accelerates atheroscle-
rosis by enhancing monocyte activation and foam cell formation.53 
miRNAs serve as molecular mediators in these interactions, with 
dysregulated miRNA profiles observed across multiple risk factors. 
Circulating miRNA signatures have emerged as potential biomark-
ers for assessing cumulative CVD risk. For instance, elevated plasma 
levels of miR-122 and miR-126 have been linked to obesity-related 
dyslipidemia, while miR-21 and miR-155 correlate with hyperten-
sion and diabetes-induced vascular damage.54 Targeting immune-
mediated pathways using miRNA-based therapies offers promising 
strategies for mitigating CVD risk factors. For example, miRNA 
mimics and inhibitors, delivered via nanoparticles, are being ex-
plored to modulate inflammation, improve lipid metabolism, and 
restore endothelial function.55 The development of miRNA-based 
biomarkers also holds potential for early detection and personalized 
management of individuals at high risk for CVD.55

Regulation of immune cells by miRNAs in the context of 
CVDs and related complications
The progression of CVDs is intrinsically linked to the dysregula-
tion of immune cell function. Immune cells, including macrophages, 
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neutrophils, T lymphocytes, and regulatory Tregs, play critical roles 
in modulating inflammation, tissue remodeling, and repair. miRNAs 
have emerged as key regulators of these processes, influencing im-
mune cell activation, polarization, and crosstalk. The intricate in-
terplay between miRNAs and immune cells determines the balance 
between protective and pathological responses in CVDs such as 
myocardial infarction, atherosclerosis, and heart failure.56

Macrophage regulation by miRNAs in CVDs
Macrophages are central to the inflammatory response in CVDs, 
contributing to both tissue damage and repair. miRNAs regulate 
macrophage polarization into pro-inflammatory M1 or anti-inflam-
matory M2 phenotypes, influencing disease progression or resolu-
tion. miR-21, highly expressed in macrophages, plays a dual role 
in CVDs. It promotes M2 polarization by targeting the suppressor 
of cytokine signaling 1 (SOCS1), which enhances the production 
of anti-inflammatory cytokines such as interleukin-10.57 This is 
particularly beneficial during the later stages of myocardial infarc-
tion when tissue repair and remodeling are critical. However, over-
expression of miR-21 during the early inflammatory phase may 
exacerbate fibrosis and pathological remodeling by activating the 
TGF-β/mothers against decapentaplegic homolog (SMAD) signal-
ing pathway.58 miR-155, a hallmark of M1 macrophages, amplifies 
inflammation by targeting negative regulators of the NF-κB path-
way, such as SHIP1 and SOCS1.59 Elevated miR-155 levels have 
been associated with increased pro-inflammatory cytokine produc-
tion and plaque destabilization in atherosclerosis, emphasizing its 
pathological role in advanced CVDs.60 miR-223, predominantly 
expressed in myeloid cells, serves as a critical modulator of mac-
rophage homeostasis. It suppresses excessive activation of inflam-
matory pathways by targeting transcription factors such as signal 
transducer and activator of transcription 3 and nuclear factor I-A, 
preventing chronic inflammation and foam cell formation in ather-
osclerosis.61 Mice deficient in miR-223 exhibit aggravated inflam-
mation and plaque instability, highlighting its protective role.62

Neutrophil regulation by miRNAs in acute and chronic inflam-
mation
Neutrophils are the first responders to tissue injury, and their dys-
regulation can lead to excessive inflammation and tissue damage. 
miRNAs modulate neutrophil recruitment, activation, and lifespan 
in CVDs. miR-146a is a key regulator of neutrophilic inflammation, 
targeting IRAK1 and TRAF6 to suppress TLRs and NF-κB signal-
ing pathways. Reduced miR-146a expression has been observed in 
patients with acute myocardial infarction, correlating with height-
ened neutrophil-driven inflammation.63 Therapeutic restoration 
of miR-146a levels has been shown to mitigate neutrophil recruit-
ment and improve outcomes in animal models of ischemic injury.64 
miR-223 also plays a role in neutrophil regulation, suppressing 
pro-inflammatory cytokine production and promoting neutrophil 
apoptosis. Dysregulation of miR-223 leads to prolonged neutrophil 
activation, exacerbating tissue damage during acute inflammation in 
myocardial infarction and chronic inflammation in heart failure.65

T lymphocyte regulation by miRNAs in CVDs
T lymphocytes, particularly CD4+ subsets, significantly contrib-
ute to the immune landscape in CVDs. miRNAs regulate T cell 
activation, differentiation, and effector functions, influencing dis-
ease outcomes. miR-181a modulates TCR signaling thresholds, 
ensuring appropriate activation during immune responses. Age-
related declines in miR-181a expression impair T cell activation, 
contributing to the immune senescence observed in elderly CVD 

patients.66 Restoring miR-181a levels in preclinical models has 
shown promise in rejuvenating T cell function and improving im-
mune responses.67 The miR-17-92 cluster is crucial for the survival 
and proliferation of effector T cells. Dysregulation of this cluster 
impairs the generation of cytotoxic and memory T cells, weak-
ening immune responses in chronic inflammation associated with 
heart failure and atherosclerosis.68

Regulatory T cells and miRNA regulation in CVDs
Tregs are essential for maintaining immune tolerance and prevent-
ing excessive inflammation (Fig. 4). miRNAs play a vital role in 
shaping Treg development, stability, and function. miR-142-3p 
and miR-142-5p regulate cyclic adenosine monophosphate signal-
ing and TGF-β receptor expression, both of which are critical for 
Treg-mediated suppression of effector T cells. Dysregulation of 
these miRNAs impairs Treg function, exacerbating inflammatory 
responses in conditions like atherosclerosis and hypertension.69 
Although miR-155 is pro-inflammatory in macrophages, it plays 
a different role in Tregs, enhancing their proliferation and suppres-
sive capacity by targeting the SOCS1 pathway. This dual function 
highlights the context-dependent nature of miRNA activity in im-
mune regulation.70

The regulation of immune cells by miRNAs has profound im-
plications for understanding and treating CVDs. miRNA-based 
therapies, including mimics and inhibitors, are being explored to 
restore immune balance. For example, nanoparticle-mediated de-
livery of miR-21 mimics has shown promise in enhancing mac-
rophage-mediated tissue repair in myocardial infarction models.32 
Similarly, antagomiRs targeting miR-155 have demonstrated ef-
ficacy in reducing inflammation and plaque burden in atheroscle-
rosis.71 Circulating miRNAs also serve as potential biomarkers for 
monitoring immune cell activity in CVDs. Elevated plasma levels 
of miR-146a and miR-223, for instance, correlate with disease 
severity and outcomes in myocardial infarction and heart failure, 
offering minimally invasive tools for diagnosis and prognosis.72 
While these findings highlight the therapeutic potential of miR-
NA modulation, challenges such as off-target effects, delivery ef-
ficiency, and long-term safety must be addressed before clinical 
translation. Continued research into miRNAs’ roles in immune 
cell regulation will pave the way for novel, targeted approaches to 
managing CVDs (Table 1).73–87

Recent research has highlighted the critical role of cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4) in fine-tuning T cell 
responses, particularly in CVDs such as atherosclerosis and post-
infarction cardiac remodeling.88 Originally characterized for its 
role in immune tolerance and cancer immunotherapy, emerging 
data increasingly link CTLA-4 to vascular inflammation and myo-
cardial injury.88 Below is an updated overview of how CTLA-4 
signaling, alongside relevant miRNA-mediated regulation, influ-
ences T cell biology and cardiovascular health.89 T cell activation 
requires two main signals: (1) recognition of antigenic peptides 
presented on MHC class I or II molecules by the TCR and (2) co-
stimulation via CD28 interaction with its ligands CD80 (B7-1) or 
CD86 (B7-2). Once activated, T cells initiate signaling cascades 
such as the phosphoinositide 3-kinases/Akt pathway, promoting 
proliferation, survival, and cytokine production. CTLA-4 com-
petes with CD28 for binding to CD80/CD86, exerting an inhibi-
tory effect that dampens T cell activation. When CTLA-4 is absent 
or blocked, T cells become hyperresponsive, potentially exacerbat-
ing inflammatory pathologies (Fig. 5).90–92

Preclinical studies underscore CTLA-4’s importance in re-
straining pathological inflammation within the vascular endothe-
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lium. Mice deficient in CTLA-4 or treated with anti-CTLA-4 
blocking antibodies exhibit larger atherosclerotic lesions, indicat-
ing that unchecked T cell activity accelerates plaque formation.93 
Conversely, overexpression of CTLA-4 or administration of abata-
cept (a CTLA-4 analog that competes with CD28 for CD80/CD86 
binding) can reduce atherosclerotic lesion size, decrease T cell 
proliferation, and lower pro-inflammatory cytokine levels.94 These 
findings suggest the therapeutic potential of CTLA-4 agonists or 
fusion proteins in mitigating arterial inflammation. In myocar-
dial infarction models, CTLA-4 signaling has garnered attention. 
Hypoxia-induced stress on cardiomyocytes, particularly in post-
infarction border zones, elevates the expression of costimulatory 
molecules like CD80/CD86, fueling an inflammatory environ-
ment. Administration of abatacept in this context has been shown 
to protect against excessive cardiac damage and improve survival 
in mouse models, aligning with observations in some patient co-
horts where outcomes after MI are more favorable when T cell 
overactivation is restrained.95,96

Within the immune system, Tregs are a specialized subset that 

helps maintain self-tolerance and immune homeostasis. Tregs 
require the transcription factor forkhead box P3 (FOXP3) to re-
tain their suppressive phenotype, and CTLA-4 is one of the key 
molecules driving their regulatory function.97 By binding and de-
pleting CD80/CD86 on antigen-presenting cells, Tregs limit co-
stimulation to conventional T cells, reducing overall immune acti-
vation. This mechanism is especially relevant in pathologies where 
unchecked inflammation leads to tissue injury, such as advanced 
atherosclerosis and post-infarction remodeling. In recent years, at-
tention has turned to miRNAs as crucial post-transcriptional regu-
lators of CTLA-4 expression. Multiple miRNAs, including miR-
9, miR-105, miR-155, and miR-487a-3p, directly target CTLA-4 
transcripts, influencing T cell proliferation and effector functions.89 
Additional miRNAs, such as miR-24 and miR-210, can indirectly 
suppress CTLA-4 by downregulating FOXP3, thereby impacting 
Treg stability and immunosuppressive capacity.89 Among these, 
miR-155 has garnered particular attention. Studies in cancer and 
inflammatory models suggest that miR-155 can reduce CTLA-4 
levels by binding to the 3′UTR of its mRNA in both Treg and con-

Fig. 4. Aspects of T cell recruitment by vascular cells may differ between species. Vascular cells, such as endothelial cells (ECs), modulate inflammation by 
regulating immune cell migration, activation status, and function. ALK, anaplastic lymphoma kinase; CCL22, C-C motif chemokine ligand 22; CD, cluster of 
differentiation; CTLA-4, cytotoxic T-lymphocyte associated protein 4; EGFR, epidermal growth factor receptor; GITR, glucocorticoid induced TNF receptor 
family-related protein; GITRL, glucocorticoid-induced TNF-related ligand; HER2, human epidermal growth factor receptor 2; ICOS, inducible T-cell costimula-
tory; IFNγ, interferon gamma; IL, interleukin; LAG-3, lymphocyte-activation gene 3; MAPK, mitogen-activated protein kinase; MHC, major histocompatibility 
complex; MMP, matrix metalloproteinase; MSC, mesenchymal stem cell; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NK, natural 
killer; PD-1, programmed cell death 1; PD-L1, programmed death ligand 1; ROS, reactive oxygen species; RTK, receptor tyrosine kinase; TCR, T-cell receptor; 
TGF, transforming growth factor; Th1, type 1 T helper; TIM-3, hepatitis A virus cellular receptor 2; TNF, tumor necrosis factor.
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ventional T cells, lowering the activation threshold for T cells.98 
However, recent findings indicate that miR-155 may require co-
operation with other RNA-binding proteins or miRNAs to achieve 
full repression of CTLA-4 (Fig. 6).99,100 This interplay likely varies 
in different disease contexts, such as myocardial ischemia and ath-
erosclerosis, where cytokine milieus and hypoxic signals modulate 
miRNA expression. Building on these insights, novel therapeutic 
strategies are exploring ways to modulate CTLA-4 and its regula-
tory miRNAs to achieve better outcomes in CVDs. Agents like 
abatacept reduce detrimental inflammation by blocking costimula-
tory signals, thus protecting arterial walls and the ischemic myo-
cardium. Targeting miR-155 or other miRNAs that downregulate 
CTLA-4 could be a future approach to reinforce Treg function. 
However, off-target effects remain a concern, and additional co-
factors may be needed for a robust clinical response. Combining 
CTLA-4–focused immunotherapy with established cardiovascular 
interventions (e.g., lipid-lowering agents, anti-hypertensives) may 
yield synergistic benefits, particularly for patients with high in-
flammatory burdens post-MI or advanced atherosclerosis.

Despite these promising leads, further investigation is essential 

to clarify how miRNAs, RNA-binding proteins, and inflammatory 
mediators orchestrate CTLA-4 expression in vivo. Mapping these 
regulatory networks can guide the development of next-generation 
immunomodulatory treatments that preserve the delicate balance 
between pro- and anti-inflammatory pathways in CVD. Under-
standing the underlying molecular details will also facilitate per-
sonalized strategies, ensuring that interventions targeting CTLA-
4 and associated miRNAs are both effective and safe for diverse 
patient populations. In summary, recent evidence underscores 
CTLA-4’s pivotal role in regulating T cell activation and prevent-
ing excessive immune damage in cardiovascular settings. Ongo-
ing exploration of CTLA-4 and its post-transcriptional control by 
miRNAs promises to expand our therapeutic toolkit, offering new 
hope for individuals with advanced atherosclerosis and ischemic 
heart disease (Table 2).62,101–112

Future directions and limitations
The growing body of evidence surrounding miRNA-based inter-
ventions in CVDs underscores both the promise of these therapies 

Table 1.  MicroRNAs and their key targets in modulating regulatory T cell (Treg) function

miRNA Regula-
tion Targets Biological effects Refer-

ence

miR-
155-5p

Down SOCS1 FOXP3 induces the expression of miR-155-5p in Tregs. Deficiency in miR-155 disrupts STAT5 
signaling, leading to a decrease in Treg numbers and imbalance in immune regulation

73

miR-
142-3p

Down TGFBR1, 
TET2, 
KDM6A

Reduced levels of miR-142-3p enhance FOXP3 expression and suppressive Treg activity 
by increasing KDM6A and BCL-2 levels through the demethylation of H3K27me3. It also 
boosts TGFBR1 expression, helping prevent the rejection of mismatched allografts

74–76

miR-
340-5p

Down IL-4 In allergic rhinitis, increased expression of miR-340-5p hinders the formation 
and functionality of Tregs, contributing to impaired immune tolerance

77

miR-
125a-5p

Down STAT3, 
IFNG, 
IL-13

The absence of miR-125a-5p reduces Treg populations, worsening conditions like colitis 
and experimental autoimmune encephalomyelitis (EAE) by promoting inflammatory 
responses. This miRNA plays a crucial role in maintaining the stability and balance of Tregs

78

miR-
4281-3p

Up FOXP3 Through interaction with the TATA-box in the FOXP3 promoter, miR-4281-3p enhances 
FOXP3 expression, improving Treg differentiation, functionality, and persistence

79

miR-
202-5p

Up MATN2 Elevated miR-202-5p levels in allergic rhinitis negatively affect the development 
and suppressive capabilities of Tregs, leading to reduced immune regulation

80

miR-15a-
5p/16-5p

Up FOXP3 Overexpression of miR-15a-5p/16-5p reduces FOXP3 levels, impairing the 
suppressive capabilities of Tregs and potentially affecting immune tolerance

81

miR-
146a-5p

Down STAT1 The lack of miR-146a-5p in Tregs leads to a failure in tolerogenic mechanisms and 
promotes a shift toward Th1 immune responses, disrupting immune balance

82

miR-
181a/b-
5p

Down CTLA-4 Deficiency in miR-181a/b-5p affects thymic Treg formation but enhances the 
suppressive activity of peripheral Tregs, contributing to a complex regulatory balance

83

miR-
24-3p

Down FOXP3 Although naturally low in Tregs, artificial overexpression of miR-24-3p 
decreases FOXP3 expression, impairing Treg function and stability

84

miR-
1224-5p

Down FOXP3 AhR signaling suppresses miR-1224-5p, leading to increased FOXP3 expression and 
Treg maturation, helping mitigate systemic inflammation caused by pertussis toxin

85

miR-
146b-5p

Down TRAF6 Using antagomirs to reduce miR-146b-5p expression enhances thymic Treg 
effectiveness and their inhibitory impact on graft-versus-host disease (GvHD)

86

miR-
142-5p

Down PDE3B The suppression of miR-142-5p in Tregs reduces cAMP levels, impairing Treg activation 
and peripheral tolerance. This results in systemic autoimmune inflammation

87

BCL-2, BCL2 apoptosis regulator; cAMP, chromosome alignment maintaining phosphoprotein 1; CTLA-4, cytotoxic T-lymphocyte associated protein 4; FOXP3, forkhead box P3; 
IFNG, interferon gamma; IL, interleukin; KDM6A, lysine demethylase 6A; MATN2, matrilin 2; PDE3B, phosphodiesterase 3B; SOCS1, suppressor of cytokine signaling 1; TATA, TATA 
containing gene; TET2, Tet methylcytosine dioxygenase 2; TGFBR1, transforming growth factor beta receptor 1; TRAF6, TNF receptor associated factor 6.
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and the formidable challenges ahead. Recent preclinical and early 
clinical findings highlight the potential of manipulating specific 
miRNAs to curb pathological processes such as chronic inflam-
mation, fibrosis, and endothelial dysfunction. However, translating 

these insights into robust, safe, and effective clinical interventions 
will require systematic refinement of current strategies, innovative 
delivery methods, and integration of knowledge from immunol-
ogy, materials science, and regulatory biology.

Fig. 5. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) in regulatory T cells (Tregs) and dendritic cells. CD, cluster of differentiation; MHC, major 
histocompatibility complex; PD1, programmed cell death 1; PDL1, programmed death ligand 1; TCR, T-cell receptor.

Fig. 6. Post-transcriptional silencing of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) by miR-155 in Treg cells may contribute to reducing CTLA-4 
mRNA expression observed in cardiovascular diseases. Overall, miR-155 can activate CTLA-4 in T cells, suggesting a role for miR-155 as a temporal filter 
regulating the onset of inflammation by activating CTLA-4 expression. miRNA, microRNA; mRNA, messenger RNA; RISC, RNA-induced silencing complex.
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A key milestone in miRNA therapeutics has been the transition 
from preclinical studies to initial clinical investigations. Two early 
clinical reports evaluated the safety and preliminary efficacy of 
miRNA modulation in patients with heart failure.113,114 These trials 
demonstrated encouraging safety profiles for miRNA modulators, 
providing a foundation for larger, multicenter trials that will be 
critical for defining optimal dosing regimens, long-term effective-
ness, and potential off-target effects. Such studies should include 
detailed patient stratification—using biomarkers, comorbidities, 
and genetic background—to identify which subgroups derive the 
greatest benefit from miRNA therapies. Overcoming barriers such 
as variable miRNA expression across patient populations and dis-
ease stages will likely require multiparametric analyses that ac-
count for environmental factors such as diet and exercise that in-
fluence cardiovascular risk.

One of the most pressing challenges in miRNA-based therapy 
is achieving precise and efficient delivery to disease-relevant tis-
sues and cell types. Recent work has demonstrated the potential 
of nanoparticle-mediated delivery systems for miR-21 inhibitors 
in post-myocardial infarction models, showcasing improvements 
in cardiac function through the reduction of pathological remod-
eling.115 However, this and other preclinical approaches rely on 
carefully engineered platforms—such as biodegradable polymers, 
liposomes, or viral vectors—that must meet various criteria, in-
cluding biocompatibility, immunogenicity, stability in circulation, 
and tissue specificity. Moving forward, advances in nanotechnol-
ogy and polymer science will likely enhance targeted delivery. 
Cell-specific targeting ligands, for instance, could direct miRNA 
mimics or inhibitors to pathological immune cell subsets infiltrat-
ing atherosclerotic plaques or infarcted myocardium, reducing 
systemic exposure and off-target effects—critical considerations 
given that miRNAs regulate many biological pathways.95,96 Inno-
vative exosome engineering is another promising direction, lev-
eraging the inherent biocompatibility of these naturally occurring 
vesicles and their ability to deliver cargo to specific cell types. This 
approach could help mitigate immune responses triggered by arti-
ficially manufactured carriers.

Chronic inflammation is central to atherogenesis, plaque insta-
bility, and adverse cardiac remodeling. Multiple studies have illus-
trated how miRNAs modulate chemokine and chemokine receptor 
expression, influencing immune cell trafficking and activation in 
CVDs.116–119 By fine-tuning these chemokine axes, miRNA-based 
strategies could offer unprecedented control over immune cell re-
cruitment, potentially stabilizing plaques and reducing inflamma-
tory burden without globally suppressing the immune system. Fu-
ture studies must explore the best ways to harness this knowledge. 
For instance, miR-155 antagomiRs can dampen pro-inflammatory 
macrophage activity, but this same miRNA can also have protec-
tive roles in certain immune contexts. Likewise, modulating miR-
NAs that target chemokine receptors must account for feedback 
loops, such as compensatory upregulation of other inflammatory 
pathways. Detailed mapping of miRNA-chemokine networks at 
the cellular and tissue level will be crucial for optimizing thera-
peutic regimens that safely achieve immune homeostasis.

While conventional approaches rely on miRNA mimics or an-
tagomiRs to alter miRNA levels, clustered regularly interspaced 
short palindromic repeats (CRISPR)-based technologies have 
opened the door to more permanent and precise modifications.83 
CRISPR/Cas tools can directly edit miRNA genes or their regula-
tory sequences, potentially correcting dysregulated miRNAs im-
plicated in CVDs. Nevertheless, issues such as efficiency, mosai-
cism, and off-target editing must be addressed before gene editing 

becomes a clinically viable strategy. Simultaneously, artificial in-
telligence (AI)-driven methods are playing an increasingly impor-
tant role in CVD research. By integrating large-scale multi-omics 
data—encompassing genomics, proteomics, metabolomics, and 
transcriptomics—AI can identify robust miRNA signatures that 
correlate with disease progression or therapeutic response. These 
computational models could guide personalized treatment strate-
gies, predicting which miRNA targets would have the highest 
likelihood of success in specific patient subpopulations. Moreover, 
AI could refine delivery approaches by modeling the interactions 
of various carrier systems within the complex cardiovascular en-
vironment. Current single cell sequencing platforms are not opti-
mized to detect mature miRNAs, which limits the ability to direct-
ly measure miRNA expression in individual cells.52 However, new 
specialized protocols and indirect inference methods are emerg-
ing, allowing researchers to correlate single-cell gene expression 
profiles with known miRNA-target interactions. Improvements in 
sample preparation and library construction may soon allow pre-
cise identification of miRNA roles in distinct immune cell subsets 
(e.g., M1 vs. M2 macrophages, T effector vs. T regulatory cells) 
within an atherosclerotic lesion or infarct area.

An intriguing frontier in CVD research is the interplay between 
the gut microbiome and miRNA expression. Early evidence sug-
gests that microbiota composition influences systemic inflammation 
and immune cell phenotypes by altering the expression of regulatory 
miRNAs, such as miR-146a and miR-155.85 Future studies could 
explore whether modulating the gut microbiome—through diet, pro-
biotics, or antibiotics—synergizes with miRNA-based therapies to 
yield superior cardiovascular outcomes. This dual-target approach 
could be especially beneficial for individuals whose microbiome 
profile contributes to a heightened inflammatory state.

Finally, drawing parallels with more advanced fields like can-
cer immunotherapy could further accelerate progress. In oncology, 
miRNAs have been used to enhance immune checkpoint inhibition 
and fine-tune T cell activity. A similar strategy could be adapted 
for CVDs, where immune checkpoints like CTLA-4 mediate vas-
cular inflammation and plaque development. Identifying miRNAs 
that regulate these pathways in T cells could lead to combination 
therapies that pair miRNA modulators with traditional or experi-
mental immunomodulatory agents, offering personalized treat-
ment regimens that target pathological immune activation without 
compromising systemic immune competence.

In summary, research over the past decade has firmly estab-
lished miRNAs as pivotal regulators of immune-driven cardiovas-
cular pathologies. Early clinical trials have begun to address the 
feasibility and preliminary safety of miRNA-based therapies, lay-
ing the groundwork for more comprehensive investigations.113,114 
However, critical questions remain regarding optimal delivery sys-
tems, off-target risks, tissue-specific expression, and the long-term 
sustainability of miRNA interventions. As more refined technolo-
gies—from CRISPR/Cas gene editing to AI-driven biomarker dis-
covery—converge with an evolving understanding of chemokine 
networks and gut microbiome interactions, the field stands on the 
brink of transformative breakthroughs. Addressing current limita-
tions and rigorously validating novel approaches will ultimately 
determine whether miRNAs can fulfill their potential as corner-
stone therapies in personalized cardiovascular medicine (Table 
3).8,17,18,21,49–52,59,61,62,98–100,106,107,109,120–127

Conclusions
Immune-derived miRNAs have emerged as critical regulators in 
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CVDs, influencing both innate and adaptive immune responses. 
Our review demonstrates that specific miRNAs—such as miR-
21, miR-146a, miR-223, miR-122, miR-126, and miR-155—
play pivotal roles in mediating inflammation, modulating tissue 
repair, and maintaining immune homeostasis. Their ability to 
circulate within extracellular vesicles highlights their poten-
tial as minimally invasive biomarkers for early diagnosis, risk 
stratification, and monitoring disease progression in conditions 
such as myocardial infarction, atherosclerosis, and heart failure. 
Moreover, preclinical studies on miRNA-based therapeutics, 
using mimics and inhibitors, indicate promising strategies for 
targeting dysregulated immune responses in CVDs. These ap-
proaches, by directly modulating specific miRNAs, have shown 

potential to reduce pathological inflammation and promote tissue 
repair. However, challenges remain in translating these findings 
into clinical practice. Issues such as the complexity of miRNA 
regulatory networks, potential off-target effects, and difficulties 
in achieving efficient, cell-specific delivery must be carefully 
addressed. Overall, the evidence supports the transformative 
potential of immune-derived miRNAs as diagnostic, prognostic, 
and therapeutic tools in cardiovascular medicine. Future research 
should focus on refining these strategies through advanced tech-
nologies, including high-throughput sequencing, gene editing, 
and artificial intelligence. Overcoming current translation barri-
ers will be crucial for unlocking the full potential of immune-de-
rived miRNAs, paving the way for more personalized and effec-

Table 3.  Immune-derived miRNAs (immuno-miRs) as diagnostic and therapeutic tools in CVDs

miRNA Primary cellular 
source/context Role in CVD pathogenesis Diagnostic/Prog-

nostic utility
Therapeutic 
potential Reference

miR-21 Macrophages, 
cardiac fibroblasts; 
also secreted 
in extracellular 
vesicles

Modulates inflammation, fibrosis, 
and tissue remodeling; dual 
role in early (pro-inflammatory) 
and later (repair) phases

Elevated plasma levels 
correlate with adverse 
outcomes in myocardial 
infarction (MI) and 
heart failure; potential 
biomarker for fibrosis

Inhibitors 
(antagomiRs) 
may reduce 
pathological 
remodeling 
and fibrosis

120–122

miR-
146a

Innate immune cells 
(e.g., neutrophils, 
macrophages)

Acts as a negative regulator 
of inflammation by targeting 
IRAK1 and TRAF6; modulates 
Toll-like receptor signaling

Lower or dysregulated 
levels associated with 
exacerbated inflammation 
in atherosclerosis and 
heart failure; candidate 
for risk stratification

miRNA mimics 
could restore 
regulatory 
functions to 
suppress excessive 
inflammation

21,52,59,107

miR-
223

Myeloid cells 
(macrophages 
and neutrophils)

Regulates macrophage 
polarization and limits excessive 
inflammatory activation; 
contributes to plaque stability

Circulating levels reflect 
immune cell activation 
and plaque composition in 
atherosclerosis; potential 
prognostic marker

miR-223 mimics 
might be used 
to balance 
macrophage 
responses and 
stabilize plaques

8,17,18,61,62,109

miR-
155

Expressed in both 
macrophages and 
neutrophils (and 
other immune cells)

Promotes pro-inflammatory 
responses via NF-κB signaling; 
involved in atherogenesis and 
myocardial injury; context-
dependent roles (can be anti-
inflammatory in certain stages)

Elevated in inflammatory 
conditions such as 
atherosclerosis and MI; 
useful in evaluating 
immune activation status

AntagomiRs 
targeting 
miR-155 may 
reduce excessive 
inflammation and 
improve outcomes

98–100,106

miR-
122

Although primarily 
liver-derived, its 
circulating levels 
reflect systemic 
lipid metabolism

Contributes to dyslipidemia 
and atherosclerosis through 
regulation of cholesterol 
and lipid homeostasis

Serves as a biomarker 
for lipid dysregulation 
and associated 
atherosclerotic risk

Inhibiting miR-122 
may improve 
cholesterol efflux 
and reduce 
plaque formation

123

miR-
126

Endothelial cells 
(EC-specific)

Critical for maintaining endothelial 
integrity, angiogenesis, 
and vascular homeostasis; 
influences endothelial 
activation in atherosclerosis

Altered levels are 
associated with endothelial 
dysfunction and vascular 
injury; potential marker 
for early CVD detection

miR-126 mimics 
could enhance 
endothelial repair 
and promote 
vascular health

49–51

miR-33 Lesional 
macrophages and 
liver (species-
specific: miR-33a in 
mice; miR-33a/b in 
humans/primates)

Regulates cholesterol efflux by 
targeting ATP-binding cassette 
transporters (e.g., ABCA1); 
contributes to foam cell 
formation and atherosclerotic 
plaque progression

Circulating levels may 
reflect lipid metabolism 
disturbances and 
atherosclerotic burden

Inhibitors of miR-
33 can enhance 
cholesterol efflux 
and reduce foam 
cell formation

124–127

CVD, Cardiovascular disease; IRAK1, interleukin 1 receptor associated kinase 1; miRNA, microRNAs; TRAF6, TNF receptor associated factor 6.
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tive cardiovascular care, ultimately improving patient outcomes 
and reducing the global burden of CVDs.
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