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(Abstract

new understandings of inflammatory mechanisms underlying

Inflammatory profile in the cardiovascular diseases has been acknowledged widely; yet the potential of immunotherapy
in the treatment of cardiovascular diseases (CVD) is not fully met. The primary and secondary inflammatory risk factors of
CVD; as well as drivers of atherosclerosis from the immune system are elaborated in this review. The approaches to treat CVD
in respect of immunotherapy focus on targeting cytokine response pathways; novel engineering cytokines and superkines; and
targeting specialized pro-resolving mediators (SPMs) in atherosclerosis. Immunotherapy in the treatment of heart failure has
gained great advancement in targeting heart fibrosis to stop and even reverse cardiac remodeling. With a deeper understanding of
the roles T cells and macrophages in the development of fibrosis in heart failure; harnessing them became possible to treat heart
failure. T-cell therapy with chimeric antigen receptor (CAR T-cell); as well as CRISPR gene editing therapy make personalized
diagnosis and treatment possible and bring a lot of hope to concur this debilitating disease. This review attempts to summarize

kimmunotherapy with a hope to offer a perspective on strategies to advance future therapies.

~

CVD and major advancements as well as challenges in CVD

y
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Introduction
Background

Despite steady improvements to global health over the past
30 years, ischemic heart disease and stroke continue to be the
leading causes of disability-adjusted life years (DALYs) among
individuals aged 50 and above [1]. Although these factors are not
among the top leading causes of burden in the 25-49 age group,
ischemic heart disease, stroke, along with diabetes started to
emerge as significant contributors to burden in this age group [2].
Across high-income countries, such as Australia, the USA, and
the UK, there is a significant slowdown in the rate of decline in
cardiovascular disease (CVD) mortality since 2000 [3]. North
America has even experienced increased mortality in recent years

[3]- The Global Burden of Diseases, Injuries, and Risk Factor Study
(GBD) found a more than half greater burden, in some countries,
due to years lived with disability (YLDs) from non-communicable
diseases and injuries [2]. These epidemiology transitions have
been partly expedited by a rapidly aging population globally,
requiring broader health services and endeavors from healthcare
workers and researchers to prevent disabling outcomes caused by
major cardiovascular diseases, including coronary artery disease
(CAD), myocardial infarction (MI), stroke, peripheral artery
disease (PAD) and congestive heart failure (CHF). CVD mortality
outcome measures was included in the World Health Organization
2017 Sustainable Development Goals, with an aim to reduce
premature CVD mortality by one-third by 2030 [4].

Primary residual inflammatory risk in atherogenesis and heart
diseases

Atherosclerosis is a common pathology leading to major
adverse cardiovascular events (MACEs), such as myocardial
infarction, stroke, heart failure, and angina, which often require
coronary revascularization [5]. The mortality rate from MACEs is
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high. MACE:s and all kinds of cardiovascular related diseases claim
the life of one person in the United States every 36 seconds, which
accounts for about $363 billion cost each year [6]. Atherosclerosis
is characterized by lipid-laden plaque that accumulates on the
endothelial layer of arteries due to high serum cholesterol and has
been defined as a chronic inflammatory disease [7-8]. Strategies to
reduce low-density lipoprotein (LDL) cholesterol through dietary
changes and statin therapy have demonstrated a marked reduction
in the mortality rate of MI, stroke, and other MACEs in the past
30 years. However, there are sizeable population of patients who
succumb to the life-threatening cardiovascular adverse events
eventually, despite on their lifestyle intervention or statin therapy
[8-10].

Residual inflammatory risk after LDL reduction is another
risk factor causing MACESs, and has therefore become the focus
of CVD research as early as 1976 [8]. Lipoproteins, such as
oxidized LDL, that have accumulated on the endothelial cells are
believed to trigger atherogenesis and inflammatory cascades, as
both innate and adaptive immune responses are activated and work
simultaneously on major arteries in the cardiovascular system [11].
Atherosclerotic plaques are composed of infiltrated immune cells
including activated T lymphocytes and macrophages, in addition
to local inflammatory mediators [12]. Additionally, lipoprotein
deposition, fibrosis, and inflammation are features of the focal
lesions of the arterial intima.

From targeting “residual cholesterol risk” to “residual
inflammatory risk”, the understanding of atherosclerosis as a
chronic inflammatory disease has reshaped the cardiovascular
field and directed studies and research to target the inflammatory
process and host immunity [8,13]. In the 1990s, research evidence
suggested that before the onset of vascular events by many years,
there usually has a low-grade systemic inflammation period.14
With many breakthroughs in immunological aspect of cancer
research, immunotherapy has become a subject of interest in CVD
as a potential treatment in many other chronic diseases such as
autoimmune diseases, genetic disorders, and diabetes. In CVD
research, immunotherapy has also demonstrated strong potential
in promoting inflammation resolution, halting atherogenesis, and
repairing or restoring heart injury. As such, targeting residual
inflammation and manipulating immune system have become the
focus of recent CVD research and clinical studies besides standard
lipid-lowering methods and lifestyle modification interventions
[15-16].

LDL is a heterogeneous particle composed of apolipoprotein
B, cholesteryl esters, cholesterol, triacylglycerol, and
phospholipids. Deposit of oxidized LDL (Ox-LDL) in the tunica
intima triggers a cascade of immune response and hardening of
arteries. Ox-LDL generates neoantigens known as oxidation-
specific epitopes (OSEs), which are carried by dying cells, micro

vesicles, and damaged proteins and lipoproteins [17] As markers
of oxidative modified endogenous structures, OSEs activate the
immune system to produce antibodies in order to clear them and
maintain homeostasis.5,12 A sterile inflammation, as seen in
atherosclerosis, can be triggered by the accumulation of OSEs
via the actions of several immune cell types [18]. Excessive
inflammation drives deleterious effects in atherosclerosis. The high
heterogeneity of plaque and vascular leukocytes in atherosclerotic
lesions makes targeting specific cell subtypes important, to inhibit
inflammation while preserving the normal function of humoral
immunity. One of the biggest challenges in using immunotherapy to
treat atherosclerosis is the immune side effects of targeting certain
important cell signaling and cytokine pathways [19]. Furthermore,
inflammation associated with atherogenesis involves systemic and
multiorgan involvement such as bone marrow and spleen, and is
not restricted to local tissues. Current research in hematology and
stem cells has provided new perspectives and opened new avenues
for future possibilities in understanding atherosclerosis for the
development of more potent therapies [20-22].

Secondary inflammatory risk factors in CVD
COVID-19 and other acute respiratory tract infections

A relationship between some acute respiratory tract infections
(ARTI) including COVID-19 and myocarditis, acute
cardiovascular events, such as acute myocardial infarction and
stroke has been reported in some studies [23-24]. A two to six
times increase in cardiovascular events such as MI and stroke
were predicted following an acute RTI [25]. Influenza and
Streptococcus pneumonia, were associated with adverse cardiac
events, such as congestive heart failure, arrhythmias, and MI.26.
ARTI triggers a systemic inflammatory response and upregulates
pro-inflammatory cytokines (such as IL1-B, TNF-a, and IL-6)
that are key mediators in atherogenesis and plaque formation
[27]. These pro-inflammatory cytokines enhance monocyte
recruitment to arterial walls, differentiation to macrophages,
and smooth muscle cell proliferation [28]. At the same time,
damage of endothelial cells of coronary vessels opens a door to
macrophages migration to related areas and activates apoptosis
and inflammatory response.29Another important mechanism
driving COVID-related ARTI is the prothrombotic environment
caused by an overactivated coagulation system and platelets.
While the protein C system and other anticoagulant mechanisms
were found to be inhibited [30-31] pro-inflammatory cytokines
TNF-a and IL-1B increased plasminogen activator inhibitor 1
levels causing inhibition of fibrinolysis [27,32-33]. This leads to a
high probability of thrombus formation and ischemia.

More recently, COVID-19 infection was shown to cause
acute cardiac injury along with acute kidney injury and thrombosis,
as part of disease complications, besides acute respiratory distress
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syndrome [34]. For COVID-19, the angiotensin-converting enzyme
2 (ACE2) protein and cytokine release syndrome in response
to direct viral infection in the myocardium lead to secondary
inflammatory damage to the heart and multi-organ failure [35]
Although people with pre-existing cardiovascular disease and
co-morbidities are known to be more susceptible to cardiac
manifestations from COVID-19 infection, emerging research has
demonstrated that low- risk individuals, such as young adults and
children, also develop a variety of cardiac-related complications
from coronavirus infection, including myocarditis, cardiomyopathy,
heart failure, and pediatric inflammatory multisystem syndrome
[36-39] Clinical elevation of cardiac biomarkers such as troponins,
CK-MB, D-dimers, are indicating tissue damage from a strong
systemic inflammatory response to COVID-19 infection29. Blood
clots are formed in the blood vessels causing ischemia after the
coronavirus enters through the endothelial layer. People who had
been infected by the COVID-19 show significant higher incidents
of thrombosis with thrombocytopenia in two weeks post-infection
compared with those who had influenza and who received mRNA
COVID-19 vaccine [35]. cardiovascular diseases along with
neurological issues are among the most reported long COVID-19
complications [40].

Microbiota and cardiovascular disease

The human microbiota, particularly the gut microbiome, has
been strongly associated with aging and immune function. The
gut microbiota is influenced by both genetics and the environment
and affects genetic expression, protein metabolism, and immune
cell metabolites. Chronic inflammatory diseases, a category which
includes but is not limited to, Alzheimer’s disease, rheumatoid
arthritis, diabetes, eczema, asthma, IBD, IBS, and CKD present a
disturbed bacteria system in the gastrointestinal system. Dysbiosis
of the gut microbiota activates a pro-inflammatory status, which
favors atherogenesis [41-43]. Chronic low-grade inflammation
originating from the gutincreases the permeability of the endothelial
layer, which facilitates the transfer of bacteria and metabolites
from both bacteria and food into the bloodstream, enhancing the
risk of systemic inflammation [44-45]. A “microbiota- metabolite-
gene” regulatory axis demonstrated a direct impact on carotid
atherosclerosis and the incidents of stroke [46].

Bacterial Periodontal infection

The association between periodontal disease (PD) and CVD,
which is independent of other known CVD risk factors, has long
been recorded [47]. As a part of the residual inflammatory risk that
leads to CVD, PD is also a chronic inflammatory disease mostly
caused by microbiological etiology, which in turn has posed an
inflammatory burden to the immune system. Depending on the
stages of development, PD can affect gingiva, bone, and periodontal
ligaments supporting the teeth. The interaction between the oral

flora and host immune system is the underlying cause of PD and
inflammatory response. From gingivitis, a local inflammation,
to the development of deep periodontal pockets where gingiva,
bone, and supporting periodontal ligament are gone, a systemic
inflammation known as chronic periodontitis has formed. Elevated
systemic inflammatory markers, including TNF-a, IL-1, IL-6,
IL-8, and circulating neutrophils, are observed in patients with
chronic periodontitis. Cross-reactive autoantibodies against
bacterial antigens, especially those against HSP60 and HSP27,
may contribute to atherosclerosis in periodontal infected patients
[48-49]

Drivers of inflammatory profile in atherosclerosis of CVD
Age-related somatic mutations

Accumulating evidence has shown a relationship between
CVD at an early subclinical stage and aging [50-51]. Age-
dependent risk factors, in particular somatic mutations, have
garnered increased attention in recent years because of their
potential application in personalized medicine. Among them, loss-
of-function somatic mutation in the Epigenetic modifier enzyme
TET?2 (Ten Eleven Translocation) has been shown to be associated
with increased CVD.52,21 TET2 is responsible for producing an
epigenetic regulatory enzyme which facilitates the conversion of
5-methylcytosine in DNA into 5-hydroxymethylcytosine through
oxidation. This mutation causes mosaic blood cells to mix with
healthy blood cells, and mutant cells gain a proliferative advantage
over normal healthy cells [52-54]. Mechanistically, TET2 loss-of-
function in macrophages led to increased NLRP3 inflammasome-
mediated interleukin-1B secretion which enhanced atherosclerosis
progression [21]. Furthermore, TET2-deficient macrophages are
more likely to expand in the atherosclerotic vascular wall, leading
to enhanced proatherogenic activities of macrophages with marked
increases in proinflammatory cytokines, such as interleukin-6 (IL-
6), tumor necrosis factor-alpha.[21]. Of note, in the context of
resolving inflammation in innate myeloid cells like macrophages
and dendritic cells, TET2 has been identified as a key regulator
that specifically inhibits the transcription of interleukin-6 (IL-6)
[55]. These studies could lead to new therapies or preventive care
strategies for atherosclerosis by monitoring somatic mutations
including TET2 mutations.

Dysregulation of Metabolism

Another major driver of atherogenesis is metabolic syndrome
(MetS) or metabolism dysregulation [56]. MetS is characterized
by atherogenic dyslipidemia (i.e., elevated triglycerides and
apolipoprotein B-containing lipoproteins, and low high-density
lipoproteins), insulin resistance, elevated blood pressure, and a
large waistline, and is widely acknowledged as a common risk
factor for atherosclerotic CVDs [57-59] MetS has become a global
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pandemic, because not only is it implicated in CVDs, but is also
causally associated with a cluster of other medical conditions,
such as cholesterol gallstones, fatty liver, obstructive sleep apnea,
depression, gout, musculoskeletal diseases, and polycystic ovarian
syndrome [57].

MetS correlates with chronic inflammation and oxidative
stress from oxidant-antioxidant imbalance, which is present
in patients diagnosed with both atherosclerosis and MetS.
A variety of antioxidant defense systems play crucial roles
in maintaining reactive oxygen species (ROS) homeostasis
around vascular endothelium cells [60]. In a variety of MetS,
such as excess accumulation of body fat around the abdomen,
elevated triglycerides, hyperglycemia, and hypertension, there is
consistent evidence of elevated oxidative stress and inflammatory
response, such as elevated IL-6, TNFa, and C-reactive proteins
(CRPs)(Reference). Non-invasive measurements of subclinical
atherosclerosis found increased pulse wave velocity, intima-
media thickness, and increased plaque thickness in patients with
high waist circumference or elevated fasting glucose [61-62].
Therefore, modification of metabolic syndrome components
through lifestyle and dietary changes are crucial interventions to
prevent atherosclerosis and CVDs.

Novel immunotherapies for the treatment of CVD
Targeting cytokine response pathway

Cytokines are actively involved in the atherosclerotic
inflammatory process by regulating immune cell proliferation,
differentiation, and effector functions, [63]. The therapeutic
potential of targeting cytokines and their receptors have long been
the focus of a lot of research with the goal to halt the atherogenesis
progression and make the inflammation pathways under the
control.

However, the complexity of immune responses in the
progression of atherosclerosis makes targeting cytokine receptor
pathways challenging. Immunotherapy research in the field of
cardiovascular diseases is primarily centered around investigating
the interactions between innate and adaptive immune cells,
as well as their release of cytokines and chemokines with
immune-regulatory and activating properties. In the context of
atherosclerosis, inflammation plays a critical role as a regulator,
and it can occur separately from lipid-related factors [64]. One of
the most successful studies to target a proinflammatory mediator
pathway is the Canakinumab Anti-inflammatory Thrombosis
Outcome Study (CANTOS) trial, which targeted the interleukin
(IL)-1B-IL6-CRP axis. The findings from this trial provided
evidence that targeting specific inflammatory pathways related
to atherosclerosis can effectively decrease the risk of CVD and
mortality in individuals with ongoing inflammation, regardless of
their low-density lipoprotein (LDL) levels [65].

However, many other unsuccessful clinical trials that
also targeted inflammatory pathways suggest that therapies
for atherosclerosis must focus on pathways with specificity
and associate atherosclerosis inflammation. For example, the
Cardiovascular Inflammation Reduction Trial (CIRT), which
tested low-dose methotrexate in patients with myocardial
infarction, failed to reach its CVD events reduction endpoint, and
could not lower CRP, IL-1B, or IL-6 levels. On the contrary, anti-
inflammatory agents for treating rheumatoid arthritis (RA), such
as DMARDs and TNF-a antagonists, demonstrated therapeutic
cardiovascular effects in patients with atherosclerosis and/or
rheumatoid arthritis [66-67].

Chemokines are key regulators of immune cells. They work
with their receptors in a complex system and orchestrate migration
and differentiation of many immune cell types in atherogenesis and
CVDs. Targeting chemokines and their receptors is a promising
therapeutic area in immunotherapy to treat CVDs. CCR2, CCRS,
CXCL12-CXCR4, and heterodimers of CCR5/CXCL4 are some
chemokines under active investigation [28]. CCR2- deficiency or
knockout in mice models and humans have shown less recruitment
of classical monocyte to the MI

lesion sites, reduced left ventricular remodeling, alleviated
ischemia injury, and decreased CRP levels [68]. CCLS
deficiency showed less arterial monocyte adhesion and smaller
atherosclerotic lesion sizes. Plaque burden and macrophage plaque
content were also reduced in mice models of CCL5-knockout
(Reference). CCL5 antagonists, Maraviroc, which was proved
to treat HIV significantly improved some biomarkers for CVDs,
such as endothelial dysfunction, arterial stiffness, as well as early
atherosclerosis [69].

Engineered cytokines and superkines

Various immune side effects and narrow therapeutic window
are two big challenges of manipulating cytokines and their receptors
due to their complex interaction with the immune system. As our
understanding of the structural principles and functional signals
governing cytokine-receptor interactions has advanced, it has
become viable to artificially manipulate cytokine signaling through
the application of protein engineering and synthetic immunology
techniques [70]. There is progress in modifying cytokine receptors
interface to enhance affinity with IL-2 “superkine” and IL-15
“super agonist”. The process of linking cytokines to larger carrier
molecules, such as polyethylene glycol (PEG), albumin, or fusion
with the Fc portion of immunoglobulins (Igs), is commonly
employed [71].

Structural enhancement to generate “immune cytokines”
with antibody-cytokine fusion properties to selectively target cells
shown can improve efficacy. Following the modification, these
immune cytokines gain the ability to selectively target particular
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cell subtypes that exhibit higher local concentrations compared to
normal tissues. One such example is CD64, which is abundantly
expressed on the surface of macrophages, monocytes, and their
precursor cells due to its high-affinity Fcy receptor 1 characteristics.
Consequently, immunotoxins designed to target CD64 have been
evaluated in animal models of inflammation, including skin,
rheumatoid arthritis, and ischemia-induced kidney injury. Notably,
no adverse effects have been observed in relation to the presence
of the antigen on other circulating leukocytes within the system
[72].

Bi-specific immune cell (“engager cytokines”), and
bispecific killer cell engagers (BiKEs) bring two major cytokine
modifications [70]. The field of synthetic biology is actively
exploring various non-natural engineered cytokines, fully synthetic
analogs, as well as related functional domains or independent
cytokine receptors, collectively referred to as “super cytokines”.
Super cytokines are designed with the purpose to avoid some
intrinsic properties of natural cytokines that limit their therapeutic
potentials, such as short half-life in circulation, off-target effects,
and inherent pleiotropic functions.

GM-CSF-CCL2 fusokine, a fusion protein of Granulocyte-
Macrophage Colony-Stimulating Factor (GM-CSF) and Chemokine
Ligand 2 (CCL2), specifically targets C-C motif chemokine
receptor 2 (CCR2). CCR2 is a chemokine receptor that is widely
expressed on lymphocytes and plays a crucial role in various
chronic inflammatory diseases, including CVD [73]. GMME], a
unique fusion protein consisting of GM-CSF and a truncated form
of CCL2 (N-terminal truncation), is currently under investigation
as a targeted immunosuppressant for CCR2. The extended plasma
half-life of GM-CSF has significantly increased bioavailability
of the C-terminal CCL2 fragment. By decreased CCR2-positive
lymphocytes and monocytes which play key roles in the onset and
advancement of autoimmune diseases [74], GMMEI has proved to
significantly improve clinical symptoms of inflammatory arthritis
in mice models and systemic proinflammatory cytokines [75].
ALX-0061, as a bi-specific, with two-domain Nanobody targeting
interleukin-6 receptor (IL-6R) and HAS simultaneously, has
completed phase IIb and phase II clinical trials to treat Rheumatoid
Arthritis and Systemic Lupus Erythematous, respectively [76-77].
All these progresses made attempting to engineer cytokines may
help overcome some key challenges researches were facing when
targeting cytokines pathways to control atherogenesis and immune
dysregulation in CVDs.

Specialized Pro-resolving Mediators in atherosclerosis

The other side of immunotherapy focus on inflammation
resolution. Defective inflammation resolution causes persistent
inflammation, dysregulation of tissue healing and tissue damage
by necrosis. This defect in the resolution program underlines

several chronic inflammatory diseases such as CVDs. A hallmark
of inflammation resolution is the biosynthesis of active resolution
mediators known as Specialized Pro-resolving Mediators (SPMs),
which temper pro-inflammation and promote tissue homeostasis
by activating tissue repair and regeneration pathways [78].

Specialized pro-resolving mediators (SPMs) belong to a
family of mediators existing in the local tissue microenvironment
that counterbalance numerous proinflammatory signals. SPMs
govern the extent and duration of inflammation by managing
the movement of leukocyte and efferocytosis [79]. These SPMs
include arachidonic acid-derived lipoxins, eicosatetraenoic
acid-derived resolve’s, docosahexaenoic acid-derived resolvins,
protectins, and maresins [80]. Since SPMs promote tissue repair
and regeneration, they play a protective role in specific diseases
such as injury-induced neointimal hyperplasia, myocardial
infarction, and atherosclerosis [81]. Additionally, they were found
can potentially promote tissue regeneration and protect against
atherosclerosis, aneurysms, and restenosis [81].

In human and murine models of atherosclerosis, the
imbalance between specialized pro-resolving mediators and
proinflammatory mediators is reported to be one of the drivers
of atherosclerosis progression [82]. Biosynthetic enzymes
such as 5-lipoxygenase and 12/15-lipoxygenase are involved
in the generation of resolving SPMs and pro-inflammatory LTs.
12/15-lipoxygenase (12/15 LOX) has catalytic activities that lead
to the generation of both pro- and anti-inflammatory metabolites
[83]. 5-lipoxygenase (5-LOX), 5-LOX-activating protein and
leukotriene A4 (LTA4) hydrolase are important enzymes for LT
biosynthesis. There is evidence that gene variants that encode these
enzymes cause CVDs [83]. When treated with a 5-LOX-activating
protein inhibitor, C- reactive protein levels (a pro-inflammatory
protein) were decreased in certain patients who had both MI and an
enzyme gene variant [83]. In addition, when a diet rich in omega-3
fatty acids was given to people with the same 5- LOX variant, they
developed less carotid atherosclerosis compared with the control
group [84]. Although more studies are needed to determine the
function of eicosatetraenoic acid (EPA) and the mechanism of these
single- nucleotide polymorphisms in pro-resolving inflammation
in CVDs [85], recent works have shown a connection between
EPA and 5-LOX variant in decreasing CVD risk.

Another significant role of SPMs in promoting inflammatory
resolution in atherosclerosis is its ability to enhance efferocytosis,
a non-inflammatory clearance of apoptotic cells (ACs) in
macrophages [85]. It has been shown that 12/15-LOX (an
essential SPM biosynthetic enzyme), is significantly expressed
on tissue-resident macrophages, which are specialized phagocytic
cells, compared to monocyte-derived macrophages [83]. Also,
metabolites from 12/15-LOX, such as lipoxins, enhance non-
inflammatory phagocytosis of ACs by macrophages [86].
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Another important endogenous lipid metabolite derived from
polyunsaturated fatty acids, resolvins, were shown to have
inflammation resolution properties. Resolvin D1 (RvD1) was
especially found to regulate the NLR family pyrin domain
containing 3 (NLRP3) inflammasome by degrading NLRP3 via
autophagy [87], with a potential role in IL1B-driven atherosclerosis
disease. In summary, pro-resolving mediators hold the potential
in resolving inflammation-causing atherosclerosis and associated
CVD complications.

Immune cell therapy

Targeting heart fibrosis for cardiac remodeling. Heart failure
(HF) causes a significant burden on both families and society with
an estimated economic cost of 346.17 billion USD globally each
year [88-90]. By 2030, the prevalence of HF is expected to increase
by 46% [91]. The five-year survival rate among symptomatic heart
failure patients is less than 50%, with 2% to 17% dying each year
[92]. Heart failure is mostly caused by persistent mechanical and/
or neurohormonal stress to the myocardium that leads to cardiac
remodeling. The stress- induced changes to cardiac function and
structure leads to loss in normal ventricular constricting function
and rhythms [88-93].

The current standard of pharmacological treatment of HF
focuses on managing preload and afterload to keep hemodynamics
stable, improve ejection fraction and cardiac output, and slow
down and reverse remodeling [94]. However, heart transplantation
is still the only final solution to cure heart failure.

Fibrotic cardiac remodeling from excessive and disordered
fibrotic deposits is one of the primary reasons for myocardial
stiffness, decreased diastolic relaxation, disrupted cardiac
electrical conduction, increased lethal arrhythmias, and eventually
heart failure. Understanding the mechanisms that block fibrotic
remodeling of the heart represents a key question that may lead to
a breakthrough in heart failure management.

The role of T cells in HF. Although medications used to
treat pulmonary fibrosis, such as pirfenidone, show an ability to
decrease cardiac fibrosis, they result in minimal improvement in
diastolic function [95]. As a subset of lymphocytes, regulatory T
cells (Tregs) have demonstrated remarkable anti-inflammatory and
cardioprotective properties [5,96-97]. Many studies have shown its
role as an immune regulator of unwanted immune responses as well
as a regulator of pro-inflammatory T cells [98]. Immunotherapy
with adoptive transfer of regulatory T cells (Tregs) in preclinical
mouse models has demonstrated the ability to not only successfully
block cardiac fibrosis, but also down-regulate pro-inflammatory
cytokines and inflammatory cell infiltration [93].

The role of macrophages. The close relation between
macrophage and fibroblasts directly influences the tissue

microenvironment and disease outcomes [99]. However, the
complexity of their distinct ontogenetic and transcriptional profiles
in atherogenesis, tissue injury progression, cardiac disease, and
pro-inflammatory versus inflammation resolution makes targeting
them challenging [28,93]. There are several efforts to understand
the individual contribution of tissue-resident versus circulating
monocytes differentiated into macrophages to the fibrotic response.
It has become evident that cardiac tissue-resident macrophages
may drive the reduction of fibrosis activation, while macrophages
recruited from pro-inflammatory circulating monocytes may
promote pathogenic fibrosis formation [11,100].

Macrophages and other immune cells also directly participate
in extracellular matrix (ECM) formation during cardiac injury and
remodeling, such as macrophage-derived type IV collagens in the
scar tissue formation in the heart [101]. Therapeutic modulation of
macrophages beyond anti-inflammatory immunotherapies, such as
targeting macrophage subsets to promote ECM remodeling, holds
a promising future with expanding interests in cardiovascular
immunology and technological advances [93].

Advancement in Heart Failure therapies

Engineering T cells- Immunotherapy for cardiac injury and
repair. Engineering cytotoxic T cells to target specific antigens on
cells by either modifying a T-cell receptor (TCR) or a chimeric
antigen receptor (CAR) has proven very successful in immuno-
oncology [102-104]. In cardiovascular diseases, especially heart
failure, CAR-T therapy may bring novel immuno-therapeutic
approaches to promote direct post-injury myocardium repair.
Adoptive transfer of T cells that express a chimeric antigen
receptor (CAR) targeting fibroblast activation protein (FAP)
markedly diminished cardiac fibrosis and reinstated function
following injury in a mouse model of heart disease. After treating
experimental injured mice with FAP-CAR T cells, a reduction in
fibrosis and partial restoration of both systolic and diastolic cardiac
function was observed [19]. Notably, CAR-T cells targeting FAP
are not new in cancer immunotherapy and have been used to treat
mesothelioma in phase I clinical trial (NCT01722149) with a
good safety profile [105-106]. Using CAR-T cells to target cardiac
fibrosis did not further increase cytokine levels with self-limited
partial cardiotoxicity, which resolved within 8 weeks [19]. In
addition, only mild inflammation was seen when inflammatory
and immune genes were examined.

Although more research is needed to understand CAR
constructs for antigen affinities, efficacies, safety profiles, and
alternative antigens expressed by pathogenic cardiac fibroblasts,
CAR T-cell therapy might be a breakthrough in immunotherapy to
treat cardiac injury and restore its function [19,102,107]. In arecent
study, investigators injected CD5-targeted lipid nanoparticles
(LNPs) containing the messenger RNA (mRNA) to reprogram
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T lymphocytes. By using this method, therapeutic CART cells
were generated in vivo. Antifibrotic CAR T (anti-FAP CAR T)
cells also demonstrated evidence of trogocytosis and retained the
target antigen which accumulated in the spleen [107]. Although
the duration of reprogramming was transient, a potent reduction
in heart fibrosis and heart size was observed, caused in part by
an expanded T cell population. No persisting anti-fibroblast T cell
activities were observed one week after treatment. This approach
was manageable in dose and timing, adding extra safety features
to its profile.

CAR T cell therapy has been approved by FDA since
2017 to treat certain leukemias and lymphoma. Also, LNP-
mRNA technology was important in the development of mRNA
COVID-19 vaccines, which holds promise for cardiac repair
post-injury. Future studies will improve dosing strategies, LNP
composition, and optimize targeting approaches to better manage
therapeutic effects and toxicities [108].

Gene editing therapies and personalized diagnosis and
treatment future in CVD. CRISPR gene editing technology is
exciting because it enables the re-wiring of many gene-related
chronic diseases. Verve Therapeutics has started its phase 1b clinical
trial, VERVE-101, to use the CRISPR base editing technique to
permanently turn off the proprotein convertase subtilisin/Kexin
type 9 (PCSK9) gene in the liver of patients with heterozygous
familial hypercholesterolemia (HeFH). The proprotein convertase
subtilisin/Kexin type 9 (PCSK9) gene is found to interfere with
and block the natural recycling of LDL receptors, which results
in impaired LDL- C clearance from the plasma [109]. Gain-of-
function PCSK9 mutation is one of the genetic causes of familial
hypercholesterolemia and has become an important target in CVD
treatment [110-112].

The limitations of the current standard of care treatment
for HeFH includes rigorous patient adherence, regular healthcare
access, and extensive healthcare infrastructure [113]. Using
CRISPR gene editing to fundamentally turn off a disease-causing
gene can be a game changer. This technique has been intensively
studied in some other rare diseases such as Huntington’s disease,
sickle cell disease, transthyretin (ATTR) amyloidosis [114].

Personalized diagnosis and treatment for patients with
cardiovascular diseases is the future. A standard measure to evaluate
the pathogenic changes in damaged cells by employing single-
nucleus RNA sequencing (snRNAseq) transcriptional analyses
examines the cellular composition and molecular states of healthy
human hearts [115-116]. From snRNAseq analyses of different
kinds of cells involved in heart muscle and its function, it was
observed that certain cell types are directly related to heart failure,
with information about their locations, mutual relationships, and
genetic expression variants. Single-cell RNA sequencing (scRNA-

seq) on the other hand demonstrated high capacity to identify
immunocytes [115]. Combining both sequencing tools may
greatly facilitate finding any variants from healthy human hearts
that can cause dilated cardiomyopathy (DCM), arrhythmogenic
cardiomyopathy (ACM), as well as targeting immune -cells
involved in other disorders associated with heart failure via
evaluating the influence of genotype in heart failure pathways
and provide personalized diagnosis, and therapeutic targets for
intervention guidance [116].

Conclusion

Despite our current understanding and the steady
improvement in managing and treating CVD-related issues, it still
remains a major cause of death worldwide. Our understanding
of the etiology of the disease has evolved to appreciate the
detrimental role of persistent inflammation in driving CVD
progression. Multifactorial chronic as well as acute inflammation
and immune dysregulations mechanisms are underlying the
formation of atherosclerosis, cardiac remodeling, and various
kinds of cardiovascular diseases. How to harness and manipulate
our immune system that it can be used to do only right thing
to our body is a long-standing goal for any researchers. Great
advances made in cancer immunotherapy have proven that there
is a great potential in the future of CVD immunotherapy. In this
review, we summarized some new understandings about the
inflammatory mechanisms causing atherosclerosis and some other
cardiovascular diseases. We also highlighted some advances made
in CVD therapies from immune responses and immune cells to
tackle atherogenesis, inflammation resolution, and cardiac fibrosis
and remodeling. Although several studies have demonstrated some
form of efficacy in targeting inflammation for disease management,
it is important to fully understand the associated side effects as
seen in the CANTOS trial, suggesting that anti-inflammatory
therapies have a potential to compromise host defenses against
infections. Additionally, mechanistic studies are needed to fully
understand how to better target the inflammatory aspect of CVD
without compromising host immunity. Finally, using a big human
genetic data and gene therapies can help identify specific targets
to develop therapies, allowing for personalized individual specific
treatment with greater therapeutic efficacy and safety.
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