Tohoku J. Exp. Med., 2025, 266, 145-152

@009

Review

The Potential of CAR-T cells for Treating Heart Diseases: Current
Status and Hurdles in Clinical Translation

Ruxia Zhang,' Ganggang Si,' Jianjun Li,' Xiangbing Li,' Huahua Cui' and
Sancong Pan'

'Department of Cardiology, Jincheng People’s Hospital, Jincheng, China

Traditional treatments for heart disease, including pharmacotherapy and surgical interventions, are effective
in managing symptoms and preventing complications but often fail to fully restore cardiac function or halt
the progression of the disease. Additionally, these approaches are frequently associated with significant
adverse effects. Inspired by the success of CAR-T cell therapy in oncology, this review examines the
potential of CAR-T cell technology for treating heart diseases, detailing how CAR-T cells, engineered by
merging antibody-derived targeting domains with T-cell signaling domains. The technology’s core includes
an extracellular antigen-binding domain, hinge region, transmembrane domain, and intracellular signaling
domain, with the single-chain variable fragment (scFv) playing a crucial role in antigen recognition. The
paper delves into the immune mechanisms in cardiovascular diseases like heart failure, hypertension, and
myocardial infarction, focusing on the roles of T cells in promoting myocardial fibrosis and the therapeutic
potential of regulatory T cells (Tregs) in recovery phases. Additionally, it explores the use of lipid
nanoparticles (LNPs) carrying mRNA to produce transient, non-integrative CAR-T cells targeting fibroblast
activation protein (FAP) to reduce myocardial fibrosis, a method showing promise in preclinical models by
enhancing cardiac function and reducing ventricular fibrosis. Despite its potential, the study acknowledges
challenges in clinical translation, such as limited therapeutic effects and severe inflammatory responses,
highlighting the need for further optimization and research in CAR-T cell technology for cardiovascular

disease treatment.
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Introduction

Current treatments for heart diseases often involve
long-term management strategies, including medication,
lifestyle changes, and invasive procedures such as surgery
(Writing Committee Members et al. 2021). While these
treatments can be effective in managing symptoms and pre-
venting complications, they frequently fall short in fully
restoring heart function or halting disease progression (Fine
et al. 2020). Moreover, the side effects associated with
chronic medication use and the risks linked to surgical
interventions present significant challenges. This highlights
a critical need for innovative therapeutic approaches that
can more directly and efficiently address the underlying

causes of cardiac conditions.

In 2013, cancer immunotherapy was heralded as the
breakthrough of the year by Science magazine, marking the
commencement of a new immunological chapter in cancer
research and therapy (Couzin-Frankel 2013). Currently, the
adoptive transfer of T cells expressing chimeric antigen
receptors (CAR) represents a significant direction in immu-
notherapy, demonstrating promising therapeutic prospects
in clinical oncology. CAR-T cell therapy, an innovative
approach to immunotherapy, involves isolating T cells from
either the patient or healthy donors, genetically engineering
them in vitro to express CARs that target disease-specific
antigens, and expanding these cells to sufficient numbers
before reinfusing them into the patient to combat disease
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(Qin et al. 2021; Dabiri et al. 2023). This therapy has
shown remarkable clinical efficacy against various hemato-
logical malignancies, becoming the first genetically modi-
fied cell therapy approved by the U.S. Food and Drug
Administration (Wang et al. 2023). Despite the proven
effectiveness of CAR-T cells in tumor treatment, recent
studies have begun to explore their potential application in
treating other diseases, including cardiac damage.

Previous reports indicate that traditional CAR-T ther-
apy can also address cardiac damage (Yang et al. 2024). In
a mouse model of hypertensive heart damage, CAR-T cells
targeting the fibroblast activation protein (FAP) - a marker
of activated fibroblasts - can specifically eliminate these
cells, significantly reducing myocardial fibrosis (Rurik et al.
2022). However, as FAP expression is not limited to dam-
aged cardiac tissue but also occurs in other tissue injuries
and repair processes, traditional CAR-T treatments pose
additional health risks due to prolonged CAR-T cell persis-
tence in the body of cardiac injury patients (Rurik et al.
2022). Researchers from the Perelman School of Medicine
at the University of Pennsylvania have developed a novel
method for the in vivo transient generation of CAR-T cells
(Rurik et al. 2022). This technique involves the in vivo
injection of mRNA to transiently generate CAR-T cells
capable of treating cardiac damage.

This review will discuss the implications and prospects
of this innovative technology for enhancing CAR-T thera-
peutic strategies and applications in heart diseases. By
advancing our understanding of the interactions between
engineered T cells and cardiac tissues, this technology
could pave the way for more effective and tailored treat-
ments for a variety of cardiac conditions.

Overview of CAR-T Cell Technology

CAR-T cells are engineered through the fusion of an
antibody-derived targeting domain with T-cell signaling
domains, enabling them to specifically recognize cardiac
cell surface antigens, secrete cytokines, and mediate cyto-
toxicity (De Marco et al. 2023). A CAR is composed of
four distinct parts: an extracellular antigen-binding domain,
a hinge region, a transmembrane domain, and an intracellu-
lar signaling domain, each performing specialized functions
(Syed et al. 2022). The antigen-binding domain, typically a
single-chain variable fragment (scFv), is crucial for the spe-
cific recognition of target antigens (Hanssens et al. 2022).
This fragment is a peptide chain formed by linking the vari-
able regions of the heavy and light chains of a monoclonal
antibody via a short peptide linker (Mufioz-Lépez et al.
2022).

Unlike physiological T cell receptors (TCRs), which
require major histocompatibility complex (MHC) presenta-
tion for effective antigen binding, CARs, composed of scFv,
can bind directly to cell surface antigens independently of
MHC (Chmielewski et al. 2013). Additionally, scFv-based
CARs can recognize soluble ligands within the cardiac
microenvironment, such as transforming growth factor-beta

(TGF-p), thereby mitigating the immunosuppressive effects
mediated by these molecules (Ramirez-Chacon et al. 2022).

However, the specificity and affinity of scFv are criti-
cal not only for targeting CAR-T cells to heart diseases but
also for influencing the functional activity of the CAR-T
cells (Zhang et al. 2023). An scFv with adequate affinity is
fundamental for the CAR’s specific recognition and binding
to target antigens, yet excessively high affinity can lead to
activation-induced cell death (AICD) and toxic side effects
(Rafiq et al. 2020). Moreover, even scFvs targeting the
same antigen with similar affinities can have diverse effects
on CAR-T cells, reflecting the complexity of CAR struc-
tural design (Stoiber et al. 2019).

Recent developments in the design of CAR-T cell
structures have focused on optimizing the specificity and
efficacy of the antigen-binding domain, particularly the sin-
gle-chain variable fragment (scFv) (Jayaraman et al. 2020).
Certain scFvs can also induce antigen-independent effects
in CAR-T cells, as demonstrated in early clinical trials
where natural scFv induced terminal differentiation, exhaus-
tion, and AICD in T cells (Rafiq et al. 2020).

In addition to scFv, many other molecules can be engi-
neered into the antigen-binding domain for use in CARs.
Preclinical and clinical studies of CAR-T cells targeting
molecules such as IL-13Ra2, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), and natural killer (NK)
cell receptor D (NKG2D) ligands are ongoing (Khawar and
Sun 2021).

The extracellular antigen-binding domain and the
intracellular signaling domain of a CAR are connected via a
hinge region and a transmembrane domain (Sterner and
Sterner 2021). The length and composition of the hinge
region can influence CAR’s antigen recognition and signal
transduction, thereby affecting cytokine secretion and AICD
(Zhang et al. 2021a). Although sequences within the hinge
region reported in the literature can downregulate CAR-T
cell function, they facilitate close contact with proximal
antigen peptides (Hanssens et al. 2022). Common hinge
region sequences include those from CDS§, CD28, and IgG1
and IgG4 (Li et al. 2023). However, peptides derived from
IgG can interact with Fcy receptors in vivo, potentially
compromising CAR-T cell counts (McCue et al. 2022).

The transmembrane domain, primarily derived from
T-cell proteins such as CD3(, CD8a, CD4, and CD28, plays
a crucial role in the stability of the CAR structure and T-cell
activation (Sledz et al. 2023). Studies have shown that
CAR-T cells with a CD28-based transmembrane domain
can express the CAR gene more stably and efficiently,
whereas those with a CD3-based domain can mediate
dimerization of the CAR structure, enhancing T-cell activa-
tion (Fujiwara et al. 2020; Muller et al. 2021). Moreover,
CAR-T cells using CD8a as both hinge and transmembrane
domains exhibit reduced secretion of interferon-gamma
(IFN-y) and tumor necrosis factor-alpha (TNF-a), thereby
reducing sensitivity to AICD (Ba et al. 2023).

The intracellular signaling domain consists of one or
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more co-stimulatory signaling structures and an activation
domain (Sievers et al. 2020). Most CARs activate CAR-T
cells through phosphorylation of tyrosine residues within
the immunoreceptor tyrosine-based inhibition motifs
(ITAMs) of CD3{ (Smirnov et al. 2024). However, this
alone is insufficient for effective stimulation of CAR-T cell
activation and proliferation in vivo, necessitating the intro-
duction of co-stimulatory signaling molecules such as
CD28 and CD137, both of which significantly enhance the
clinical efficacy of CAR-T therapy (Weinkove et al. 2019;
Alnefaie et al. 2022). Each mediates different functions and
metabolic pathways. CD28-structured CAR-T cells pre-
dominantly differentiate into effector memory T cells rely-
ing on aerobic glycolysis, while those with CD137 structure
tend to become central memory T cells, favoring oxidative
metabolism and promoting mitochondrial biogenesis
(Zhang et al. 2021b). Additionally, preclinical studies have
shown that co-stimulatory molecules like MYD88, CD40,
0X40 (CD134), ICOS (Inducible T cell co-stimulator), and
CD27 can significantly enhance CAR-T cell function,
though clinical advancements are yet to be seen (Moreno-
Cortes et al. 2023).

Immunological Mechanisms in Heart Diseases

The intricate interplay of immune mechanisms signifi-
cantly contributes to the pathogenesis and progression of
cardiovascular diseases such as heart failure (HF), hyper-
tension, and myocardial infarction (MI) (Jaén et al. 2020).
These conditions share common immunological disruptions
that can precipitate and exacerbate disease states.
Understanding these commonalities offers insights into
potential therapeutic targets (Zheng et al. 2020; Passaro et
al. 2021).

Cellular Immunity Across Cardiovascular Diseases

In HF, the role of T cells is critical, with CD4+ T cells
promoting myocardial fibrosis through activation of fibro-
blasts, leading to collagen deposition (Bradshaw and
DeLeon-Pennell 2020). This fibrotic process is often exac-
erbated by an imbalance in T cell subsets, favoring pro-
inflammatory Thl and Th17 cells over anti-inflammatory
Th2 and regulatory T cells (Tregs) (Drescher et al. 2020).
Similar mechanisms are observable in hypertension and MI,
where heightened inflammatory responses contribute to
vascular and myocardial remodeling (Saheera and
Krishnamurthy 2020). In hypertension, T cells, through
their interaction with angiotensin II, enhance inflammatory
responses and structural changes in the heart and vessels
(Norlander et al. 2018). Post-MI, an influx of T cells into
ischemic myocardial tissue aids in the initial inflammatory
response crucial for healing, yet prolonged inflammation
can lead to adverse remodeling and heart failure
(Frangogiannis 2014).

Integrative Immune and Neuroendocrine Mechanisms in
Cardiovascular Diseases

T cells, particularly CD4+ and CD8+ T cells, trigger
acute immune reactions following myocardial injury, releas-
ing pro-inflammatory cytokines that exacerbate myocardial
fibrosis and adverse remodeling (Zaidi et al. 2021; Liu et al.
2024). In contrast, Tregs act to suppress this inflammation
by secreting anti-inflammatory cytokines such as IL-10 and
TGF-p, which inhibit the activity of effector T cells and
macrophages, promoting the resolution of inflammation and
facilitating tissue repair (Lei et al. 2015). These functions
are essential for maintaining immune homeostasis and pre-
venting the chronic inflammation that can lead to heart fail-
ure.

B cells also play a dual role in these cardiovascular
diseases, acting through both antibody production and cyto-
kine secretion (Garcia-Rivas et al. 2020). Regulatory B
cells (Bregs) can potentially ameliorate inflammation
depending on the microenvironmental cues, which is cru-
cial in HF and MI recovery phases (Catalan et al. 2021).
Pro-inflammatory cytokines such as TNF-o and IL-6 are
central to the development of HF and in the exacerbation of
hypertensive heart disease (Papamichail et al. 2023). They
decrease myocardial contractility and promote cell apopto-
sis, contributing to the progressive nature of these diseases
(Besse et al. 2022).

NK cells are another key component of the immune
response in cardiovascular diseases, particularly noted in
HF where their altered function correlates with disease
severity (Kucuksezer et al. 2021). These cells are less stud-
ied in the contexts of hypertension and MI but are known to
contribute broadly to immune surveillance and cytokine
production (Ravaud et al. 2021).

The neuroendocrine system interacts closely with
immune responses in cardiovascular diseases (Taub 2008).
Systems such as the renin-angiotensin-aldosterone system
(RAAS) and sympathetic nervous system (SNS) not only
regulate cardiovascular function but also modulate immune
activity (Miller and Arnold 2019). In HF and hypertension,
an overactive RAAS promotes inflammation through cyto-
kine production and immune cell activation, further deterio-
rating cardiac function (Satou et al. 2018). Similarly, the
SNS influences immune cell distribution and function, con-
tributing to inflammation and remodeling in the heart
(Pongratz and Straub 2014).

The involvement of pattern recognition receptors
(PRRs) like TLRs and NLRs links innate immunity with
long-term cardiac changes in hypertension and MI (Jaén et
al. 2020). These receptors detect damage-associated molec-
ular patterns (DAMPs), leading to activation of NF-«B and
other transcription factors that drive inflammatory and
fibrotic responses (Li and Wu 2021). Inhibiting these path-
ways offers a promising approach to mitigate cardiac
remodeling and hypertrophy.

Specific to MI, Tregs have a profound impact on heal-
ing and remodeling by modulating the balance between



148 R. Zhang et al.

pro-inflammatory and anti-inflammatory responses (Lu et
al. 2021). They decrease the production of inflammatory
cytokines and promote the resolution of inflammation,
which is critical to prevent the transition from acute MI to
chronic heart failure (Halade and Lee 2022).

The common thread across heart failure, hypertension,
and myocardial infarction is the pivotal role of the immune
system, influencing disease outcomes through a variety of
cells and signaling pathways (Feng et al. 2022). Targeting
these immune components holds potential for therapeutic
strategies that could modify disease progression and
improve cardiovascular health (Jyotsna et al. 2023).
Understanding and manipulating these immune responses
in a targeted manner could lead to significant advances in
the management of cardiovascular diseases.

Application of CAR-T Cells in Heart Diseases

Currently, heart disease remains a leading cause of
mortality worldwide, with limited treatment options avail-
able (Gaidai et al. 2023). Activated cardiac fibroblasts
excessively deposit extracellular matrix proteins, leading to
myocardial fibrosis, which can severely progress to fatal
heart failure (Liu et al. 2021). However, therapeutic options
specifically targeting this myocardial fibrosis are scant.
This paper reports a novel approach utilizing engineered T
cells to eliminate activated fibroblasts (Aghajanian et al.
2019). Lipid nanoparticles (LNPs) carrying mRNA encod-
ing chimeric antigen receptors (CARs) are used to generate
CAR-T cells in mice, which can eradicate pathogenic acti-
vated fibroblasts and mitigate myocardial fibrosis (Rurik et
al. 2022).

A recent preclinical study have demonstrated the
potential of FAP-targeted CAR-T cells to reduce myocar-
dial fibrosis and improve cardiac function (Bughda et al.
2021). This study continues to target FAP by packaging
mRNA encoding FAP CAR into LNPs that home to T cells
(Kitte et al. 2023). Upon injection into mice, these LNPs
bind to T cells and release the FAP CAR mRNA into the
cytoplasm, where it is translated to produce FAP CAR-T
cells (Rurik et al. 2022). Importantly, the cytoplasmic
mRNA does not integrate into the T cell genome, thus
avoiding potential adverse reactions due to genomic altera-
tions (Acevedo-Whitehouse and Bruno 2023). Moreover,
as cells divide, the concentration of mRNA in the cytoplasm
rapidly decreases until it disappears, providing a transient
presence suitable for short-term disease treatment (Reid et
al. 2014). Researchers report that FAP CAR-T cells appear
in mice 24 hours after LNP injection and decline to unde-
tectable levels within seven days (Li et al. 2022). Further
evaluation of FAP CAR-T’s therapeutic effects on cardiac
injury was conducted. In mouse models of hypertensive
heart injury and fibrosis, transient FAP CAR-T cells signifi-
cantly reduced ventricular fibrosis and improved various
cardiac functions (Morfino et al. 2023). These encouraging
preclinical findings demonstrate the effectiveness of this in
vivo transient CAR-T generation method in treating cardiac

injuries, with the potential for minimal systemic adverse
effects due to the short-lived nature of the CAR-T cells
(Dalal et al. 2022). Undoubtedly, these studies provide
experimental evidence for the in vivo generation of CAR-T
cells and suggest that CAR-T cell therapies can be applica-
ble beyond cancer to treat other diseases.

In addition to LNP-based mRNA delivery, other tar-
geted mRNA delivery methods have shown promise. For
instance, in vitro lentiviral-based CAR-T engineering is
another effective approach for generating CAR-T cells
(Labbé et al. 2021). This method involves using lentiviral
vectors to introduce CAR genes into T cells in vitro, fol-
lowed by the expansion of these engineered T cells before
reinfusion into the patient (Michels et al. 2023). Lentiviral-
based CAR-T cells have been extensively studied in oncol-
ogy and have demonstrated high efficiency in gene integra-
tion and stable CAR expression, which could potentially be
adapted for cardiac applications (Rossi and Breman 2024).
Comparing these methods, lentiviral-based engineering
offers long-term CAR expression, whereas LNP-based
delivery provides a transient, safer option with fewer poten-
tial genomic alterations. Combining the strengths of both
approaches might yield an optimized strategy for cardiac
disease treatment.

In addition, non-viral delivery methods such as elec-
troporation and lipid-based nanoparticles (beyond LNPs)
have shown potential for mRNA delivery to T cells
(Khawar et al. 2024). Electroporation involves using an
electric field to introduce mRNA into cells, providing a
direct and transient expression of CAR genes (Campillo-
Davo et al. 2021). Moreover, polymer-based and hybrid
nanoparticle systems are being developed to improve the
stability and targeting specificity of mRNA delivery (Yang
et al. 2023). These methods, while still under investigation,
offer alternative avenues for generating CAR-T cells with
the potential to be tailored for specific therapeutic needs,
including cardiac applications.

Challenges and Barriers in Clinical Translation

The research from the University of Pennsylvania
introduces a novel CAR-T technology, providing a new
therapeutic option for treating cardiac injuries. Utilizing
mRNA LNPs for in vivo CAR-T generation offers several
advantages (Rurik et al. 2022). Firstly, the success of
mRNA vaccines for COVID-19 underscores that LNP-
based mRNA delivery is both feasible and effective, elimi-
nating the need for ex vivo preparation of CAR-T cells.
This method allows for direct in vivo generation of CAR-T
cells through mRNA delivery, offering a fresh approach to
clinical applications.

Additionally, this technology is a non-viral method of
CAR-T generation, avoiding the risks associated with viral
integration and potential genomic alterations in T cells. It
also allows for the transient generation of CAR-T cells,
making it suitable for diseases that require short-term treat-
ment strategies, and presents a more economical and



CAR-T in Heart Disease 149

streamlined approach to CAR-T therapy compared to tradi-
tional methods, which are often complex and costly.

Despite these benefits, there are challenges in applying
this technology to treat cardiac injuries and other diseases.
The limited number of CAR-T cells reaching the site of
injury can restrict therapeutic effectiveness (De Marco et al.
2023). While CAR-T therapy has been highly effective in
treating hematological malignancies, its efficacy in cardiac
injuries is hindered by the limited infiltration of immune
cells into the affected areas (Mitra et al. 2023). Exploring
the interactions between FAP CAR-T cells and activated
fibroblasts could clarify the role of antigen-specific CAR-T
cells in cardiac injuries and potentially identify new thera-
peutic targets (Abdalla et al. 2024). This could optimize in
vivo CAR-T therapy for cardiac injuries, enhancing CAR-T
cell infiltration and function at the injury site, and providing
valuable insights for extending this therapy to other dis-
eases.

Moreover, CAR-T therapy often triggers severe
inflammatory responses due to the release of large amounts
of cytokines by activated cells, leading to cytokine release
syndrome and potential organ damage (Brudno and
Kochenderfer 2016). The transient expression and short-
term action of mRNA LNP-generated CAR-T cells offer a
way to manage these effects, though further optimization
might be achieved by designing molecular ‘switches’ to
control the activation and deactivation of target genes,
enhancing the therapeutic outcome (Ongun et al. 2022).

Drawing on the extensive experience gained from tra-
ditional CAR-T development, which has involved design-
ing and modifying CAR structures to enhance activity, sim-
ilar principles could be applied to optimize mRNA LNP in
vivo CAR-T technologies. By studying the pathogenesis
and progression of non-tumoral diseases like cardiac inju-
ries, it’s possible to optimize antigen target selection.
Integrating cytokine, chemokine, or receptor mRNAs could
improve T cell proliferation and specific homing to cardiac
injury sites, enhancing the effectiveness of cardiac repair.
Additionally, understanding the local microenvironment
changes in cardiac injuries is crucial for defining advanta-
geous therapeutic strategies for CAR-T cells. Combining
the strengths of traditional CAR-T and mRNA LNP in vivo
CAR-T technologies aligned with disease progression pat-
terns could lead to the development of a comprehensive
treatment strategy combining both short-acting broad tar-
gets and long-acting specific targets for enhanced therapeu-
tic efficacy.

Conclusion

In conclusion, the advent of novel immunotherapy
strategies, particularly CAR-T cell technology, has ushered
in promising avenues for treating heart diseases - a realm
traditionally dominated by therapies that manage symptoms
without fully rectifying underlying pathologies. This paper
illustrates the potential of engineered T cells to specifically
target and mitigate myocardial fibrosis by eradicating acti-

vated fibroblasts, a significant advancement over conven-
tional treatments that often involve long-term medication or
invasive procedures with considerable side effects. The
novel approach of in vivo transient generation of CAR-T
cells, employing lipid nanoparticles to deliver mRNA
encoding chimeric antigen receptors directly into T cells,
represents a significant leap in therapeutic strategy. This
method not only circumvents the complexities and risks
associated with viral vector-based CAR-T cell generation
but also offers a rapid, scalable, and potentially safer alter-
native by limiting the duration of CAR-T cell presence,
thereby reducing the likelihood of prolonged immune acti-
vation or other adverse effects.

Furthermore, the research underscores the critical role
of fibroblast activation protein as a therapeutic target, an
area that previous studies have explored but not without
limitations. By fine-tuning the application of CAR-T cell
therapy to target specific disease markers such as FAP in
cardiac tissues, this innovative approach could substantially
reduce myocardial fibrosis and improve heart function.
This promising development in cardiac repair highlights the
versatility of CAR-T cell therapy, initially developed for
oncology applications, and its potential expansibility to
treat other chronic conditions that involve inflammatory and
fibrotic processes.

The successful application of this technology in pre-
clinical models offers a hopeful outlook for its clinical
translation, suggesting that mRNA-based transient CAR-T
cell therapy could soon be a viable option for cardiac
patients. It provides a robust foundation for further
research, potentially leading to broader applications of
CAR-T technology beyond oncology, including chronic
inflammatory and fibrotic diseases. As this technology con-
tinues to evolve, it holds the promise of revolutionizing the
treatment of heart diseases, providing patients with more
targeted, effective, and safer therapeutic options.

Author Contributions

Ruxia Zhang: Investigation and Writing — Original
Draft. Ganggang Si, Jianjun Li and Xiangbing Li:
Investigation. Huahua Cui and Sancong Pan: Writing —
Review & Editing and Supervision.

Conflict of Interest
The authors declare no conflict of interest.

References

Abdalla, A.M.E., Miao, Y., Ahmed, A.ILM., Meng, N. & Ouyang,
C. (2024) CAR-T cell therapeutic avenue for fighting cardiac
fibrosis: Roadblocks and perspectives. Cell Biochem. Funct.,
42, €3955.

Acevedo-Whitehouse, K. & Bruno, R. (2023) Potential health
risks of mRNA-based vaccine therapy: A hypothesis. Med.
Hypotheses, 171, 111015.

Aghajanian, H., Kimura, T., Rurik, J.G., Hancock, A.S., Leibowitz,
M.S., Li, L., Scholler, J., Monslow, J., Lo, A., Han, W., Wang,
T., Bedi, K., Morley, M.P., Linares Saldana, R.A., Bolar, N.A.,
et al. (2019) Targeting cardiac fibrosis with engineered T



150 R. Zhang et al.

cells. Nature, 573, 430-433.

Alnefaie, A., Albogami, S., Asiri, Y., Ahmad, T., Alotaibi, S.S.,
Al-Sanea, M.M. & Althobaiti, H. (2022) Chimeric Antigen
Receptor T-Cells: An Overview of Concepts, Applications,
Limitations, and Proposed Solutions. Front. Bioeng.
Biotechnol., 10, 797440.

Ba, H., Dai, Z., Zhang, Z., Zhang, P., Yin, B., Wang, J.,, Li, Z. &
Zhou, X. (2023) Antitumor effect of CAR-T cells targeting
transmembrane tumor necrosis factor alpha combined with
PD-1 mAb on breast cancers. J. Immunother. Cancer, 11,
¢003837.

Besse, S., Nadaud, S., Balse, E. & Pavoine, C. (2022) Early
Protective Role of Inflammation in Cardiac Remodeling and
Heart Failure: Focus on TNFalpha and Resident Macrophages.
Cells, 11, 1249.

Bradshaw, A.D. & DeLeon-Pennell, K.Y. (2020) T-cell regulation
of fibroblasts and cardiac fibrosis. Matrix Biol., 91-92,
167-175.

Brudno, J.N. & Kochenderfer, J.N. (2016) Toxicities of chimeric
antigen receptor T cells: recognition and management. Blood,
127, 3321-3330.

Bughda, R., Dimou, P., D’Souza, R.R. & Klampatsa, A. (2021)
Fibroblast Activation Protein (FAP)-Targeted CAR-T Cells:
Launching an Attack on Tumor Stroma. Immunotargets Ther.,
10, 313-323.

Campillo-Davo, D., De Laere, M., Roex, G., Versteven, M.,
Flumens, D., Berneman, Z.N., Van Tendeloo, V.F.I., Anguille,
S. & Lion, E. (2021) The Ins and Outs of Messenger RNA
Electroporation for Physical Gene Delivery in Immune Cell-
Based Therapy. Pharmaceutics, 13, 396.

Catalan, D., Mansilla, M.A., Ferrier, A., Soto, L., Oleinika, K.,
Aguillon, J.C. & Aravena, O. (2021) Immunosuppressive
Mechanisms of Regulatory B Cells. Front. Immunol., 12,
611795.

Chmielewski, M., Hombach, A.A. & Abken, H. (2013) Antigen-
Specific T-Cell Activation Independently of the MHC:
Chimeric Antigen Receptor-Redirected T Cells. Front.
Immunol., 4,371.

Couzin-Frankel, J. (2013) Breakthrough of the year 2013. Cancer
immunotherapy. Science, 342, 1432-1433.

Dabiri, H., Safarzadeh Kozani, P., Habibi Anbouhi, M., Mirzaee
Godarzee, M., Haddadi, M.H., Basiri, M., Ziaei, V., Sade-
ghizadeh, M. & Hajizadeh Saffar, E. (2023) Site-specific
transgene integration in chimeric antigen receptor (CAR) T
cell therapies. Biomark. Res., 11, 67.

Dalal, P.J., Patel, N.P., Feinstein, M.J. & Akhter, N. (2022)
Adverse Cardiac Effects of CAR T-Cell Therapy: Characteris-
tics, Surveillance, Management, and Future Research Direc-
tions. Technol. Cancer Res. Treat., 21, 15330338221132927.

De Marco, R.C., Monzo, H.J. & Ojala, PM. (2023) CAR T Cell
Therapy: A Versatile Living Drug. Int. J. Mol. Sci., 24, 6300.

Drescher, H.K., Bartsch, L.M., Weiskirchen, S. & Weiskirchen, R.
(2020) Intrahepatic T(H)17/T(Reg) Cells in Homeostasis and
Disease-It’s All About the Balance. Front. Pharmacol., 11,
588436.

Feng, Q., Li, Q., Zhou, H., Sun, L., Lin, C., Jin, Y., Wang, D. &
Guo, G. (2022) The role of major immune cells in myocardial
infarction. Front. Immunol., 13, 1084460.

Fine, N.M., Davis, M.K., Anderson, K., Delgado, D.H., Giraldeau,
G., Kitchlu, A., Massie, R., Narayan, J., Swiggum, E., Venner,
C.P., Ducharme, A., Galant, N.J., Hahn, C., Howlett, J.G.,
Mielniczuk, L., et al. (2020) Canadian Cardiovascular
Society/Canadian Heart Failure Society Joint Position State-
ment on the Evaluation and Management of Patients With
Cardiac Amyloidosis. Can. J. Cardiol., 36, 322-334.

Frangogiannis, N.G. (2014) The inflammatory response in
myocardial injury, repair, and remodelling. Nat. Rev. Cardiol.,
11, 255-265.

Fujiwara, K., Tsunei, A., Kusabuka, H., Ogaki, E., Tachibana, M.

& Okada, N. (2020) Hinge and Transmembrane Domains of
Chimeric Antigen Receptor Regulate Receptor Expression and
Signaling Threshold. Cells, 9, 1182.

Gaidai, O., Cao, Y. & Loginov, S. (2023) Global Cardiovascular
Diseases Death Rate Prediction. Curr. Probl. Cardiol., 48,
101622.

Garcia-Rivas, G., Castillo, E.C., Gonzalez-Gil, A.M., Maravillas-
Montero, J.L., Brunck, M., Torres-Quintanilla, A., Elizondo-
Montemayor, L. & Torre-Amione, G. (2020) The role of B
cells in heart failure and implications for future immunomodu-
latory treatment strategies. ESC Heart Fail., 7, 1387-1399.

Halade, G.V. & Lee, D.H. (2022) Inflammation and resolution
signaling in cardiac repair and heart failure. EBioMedicine,
79, 103992.

Hanssens, H., Meeus, F., De Veirman, K., Breckpot, K. &
Devoogdt, N. (2022) The antigen-binding moiety in the driv-
er’s seat of CARs. Med. Res. Rev., 42, 306-342.

Jaén, R.1., Val-Blasco, A., Prieto, P., Gil-Fernandez, M., Smani, T.,
Lopez-Sendon, J.L., Delgado, C., Bosca, L. & Fernandez-
Velasco, M. (2020) Innate Immune Receptors, Key Actors in
Cardiovascular Diseases. JACC Basic Transl. Sci., 5, 735-749.

Jayaraman, J., Mellody, M.P., Hou, A.J., Desai, R.P., Fung, A.W.,,
Pham, A.H.T., Chen, Y.Y. & Zhao, W. (2020) CAR-T design:
Elements and their synergistic function. EBioMedicine, 58,
102931.

Jyotsna, F., Ikram, J., Nageeta, F., Komal, F., Anjlee, F., Patel, H.,
Nassri, T., Kumari, M., Kumar, R., Shah, S.U., Kashif, M.,
Varrassi, G., Kumar, S. & Patel, T. (2023) Unlocking the
Potential of Immunotherapy in Cardiovascular Disease: A
Comprehensive Review of Applications and Future Direc-
tions. Cureus, 15, €42790.

Khawar, M.B., Afzal, A., Si, Y. & Sun, H. (2024) Steering the
course of CAR T cell therapy with lipid nanoparticles. J.
Nanobiotechnology, 22, 380.

Khawar, M.B. & Sun, H. (2021) CAR-NK Cells: From Natural
Basis to Design for Kill. Front. Immunol., 12, 707542.

Kitte, R., Rabel, M., Geczy, R., Park, S., Fricke, S., Koehl, U. &
Tretbar, U.S. (2023) Lipid nanoparticles outperform electro-
poration in mRNA-based CAR T cell engineering. Mol. Ther.
Methods Clin. Dev., 31, 101139.

Kucuksezer, U.C., Aktas Cetin, E., Esen, F., Tahrali, 1., Akdeniz,
N., Gelmez, M.Y. & Deniz, G. (2021) The Role of Natural
Killer Cells in Autoimmune Diseases. Front. Immunol., 12,
622300.

Labbé, R.P., Vessillier, S. & Rafiq, Q.A. (2021) Lentiviral Vectors
for T Cell Engineering: Clinical Applications, Bioprocessing
and Future Perspectives. Viruses, 13, 1528.

Lei, H., Schmidt-Bleek, K., Dienelt, A., Reinke, P. & Volk, H.D.
(2015) Regulatory T cell-mediated anti-inflammatory effects
promote successful tissue repair in both indirect and direct
manners. Front. Pharmacol., 6, 184.

Li, D. & Wu, M. (2021) Pattern recognition receptors in health
and diseases. Signal Transduct. Target Ther., 6,291.

Li, H., Peng, K., Yang, K., Ma, W., Qi, S., Yu, X., He, J., Lin, X. &
Yu, G. (2022) Circular RNA cancer vaccines drive immunity
in hard-to-treat malignancies. Theranostics, 12, 6422-6436.

Li, N, Quan, A., Li, D., Pan, J., Ren, H., Hoeltzel, G., de Val, N.,
Ashworth, D., Ni, W., Zhou, J., Mackay, S., Hewitt, S.M.,
Cachau, R. & Ho, M. (2023) The IgG4 hinge with CD28
transmembrane domain improves V(H)H-based CAR T cells
targeting a membrane-distal epitope of GPC1 in pancreatic
cancer. Nat. Commun., 14, 1986.

Liu, J., Liu, F.,, Liang, T., Zhou, Y., Su, X,, Li, X., Zeng, J., Qu, P,,
Wang, Y., Chen, F., Lei, Q., Li, G. & Cheng, P. (2024) The
roles of Th cells in myocardial infarction. Cell Death Discov.,
10, 287.

Liu, M., Lopez de Juan Abad, B. & Cheng, K. (2021) Cardiac
fibrosis: Myofibroblast-mediated pathological regulation and
drug delivery strategies. Adv. Drug Deliv. Rev., 173, 504-519.



CAR-T in Heart Disease

Lu, Y., Xia, N. & Cheng, X. (2021) Regulatory T Cells in Chronic
Heart Failure. Front. Immunol., 12, 732794.

McCue, A.C., Yao, Z. & Kuhlman, B. (2022) Advances in modular
control of CAR-T therapy with adapter-mediated CARs. Adv.
Drug Deliv. Rev., 187, 114358.

Michels, K.R., Sheih, A., Hernandez, S.A., Brandes, A.H., Parrilla,
D., Irwin, B., Perez, A.M., Ting, H.A., Nicolai, C.J.,
Gervascio, T., Shin, S., Pankau, M.D., Muhonen, M., Freeman,
J., Gould, S., et al. (2023) Preclinical proof of concept for
VivoVec, a lentiviral-based platform for in vivo CAR T-cell
engineering. J. Immunother. Cancer., 11, €006292.

Miller, A.J. & Armold, A.C. (2019) The renin-angiotensin system
in cardiovascular autonomic control: recent developments and
clinical implications. Clin. Auton. Res., 29, 231-243.

Mitra, A., Barua, A., Huang, L., Ganguly, S., Feng, Q. & He, B.
(2023) From bench to bedside: the history and progress of
CAR T cell therapy. Front. Immunol., 14, 1188049.

Moreno-Cortes, E., Franco-Fuquen, P., Garcia-Robledo, J.E.,
Forero, J., Booth, N. & Castro, J.E. (2023) ICOS and OX40
tandem co-stimulation enhances CAR T-cell cytotoxicity and
promotes T-cell persistence phenotype. Front. Oncol., 13,
1200914.

Morfino, P., Aimo, A., Castiglione, V., Galvez-Monton, C., Emdin,
M. & Bayes-Genis, A. (2023) Treatment of cardiac fibrosis:
from neuro-hormonal inhibitors to CAR-T cell therapy. Heart
Fail. Rev., 28, 555-569.

Muller, Y.D., Nguyen, D.P., Ferreira, L.M.R., Ho, P., Raffin, C.,
Valencia, R.V.B., Congrave-Wilson, Z., Roth, T.L., Eyquem,
J., Van Gool, F., Marson, A., Perez, L., Wells, J.A., Bluestone,
J.A. & Tang, Q. (2021) The CD28-Transmembrane Domain
Mediates Chimeric Antigen Receptor Heterodimerization With
CD28. Front. Immunol., 12, 639818.

Muiioz-Lopez, P., Ribas-Aparicio, R.M., Becerra-Baez, E.I., Fraga-
Perez, K., Flores-Martinez, L.F., Mateos-Chavez, A.A. &
Luria-Pérez, R. (2022) Single-Chain Fragment Variable:
Recent Progress in Cancer Diagnosis and Therapy. Cancers
(Basel), 14, 4206.

Norlander, A.E., Madhur, M.S. & Harrison, D.G. (2018) The
immunology of hypertension. J. Exp. Med., 215, 21-33.

Ongun, M., Lokras, A. G., Foged, C. & Thakur, A. (2022) Lipid
nanoparticle-mediated delivery of therapeutic and prophylactic
mRNA: Immune activation by ionizable cationic lipids. In
RNA Technologies, Springer International Publishing, pp.
237-255. https://doi.org/10.1007/978-3-031-08415-7_11.

Papamichail, A., Kourek, C., Briasoulis, A., Xanthopoulos, A.,
Tsougos, E., Farmakis, D. & Paraskevaidis, 1. (2023)
Targeting Key Inflammatory Mechanisms Underlying Heart
Failure: A Comprehensive Review. Int. J. Mol. Sci., 25, 510.

Passaro, A.P., Lebos, A.L., Yao, Y. & Stice, S.L. (2021) Immune
Response in Neurological Pathology: Emerging Role of
Central and Peripheral Immune Crosstalk. Front. Immunol.,
12, 676621.

Pongratz, G. & Straub, R.H. (2014) The sympathetic nervous
response in inflammation. Arthritis Res. Ther., 16, 504.

Qin, VM., D’Souza, C., Neeson, P.J. & Zhu, J.J. (2021) Chimeric
Antigen Receptor beyond CAR-T Cells. Cancers (Basel), 13,
404.

Rafiq, S., Hackett, C.S. & Brentjens, R.J. (2020) Engineering
strategies to overcome the current roadblocks in CAR T cell
therapy. Nat. Rev. Clin. Oncol., 17, 147-167.

Ramirez-Chacoén, A., Betriu-Méndez, S., Bartold-Ibars, A.,
Gonzalez, A., Marti, M. & Juan, M. (2022) Ligand-based
CAR-T cell: Different strategies to drive T cells in future new
treatments. Front. Immunol., 13, 932559.

Ravaud, C., Ved, N., Jackson, D.G., Vieira, J.M. & Riley, P.R.
(2021) Lymphatic Clearance of Immune Cells in Cardiovas-
cular Disease. Cells, 10, 2594.

Reid, D.W,, Chen, Q., Tay, A.S., Shenolikar, S. & Nicchitta, C.V.
(2014) The unfolded protein response triggers selective

151

mRNA release from the endoplasmic reticulum. Cell, 158,
1362-1374.

Rossi, M. & Breman, E. (2024) Engineering strategies to safely
drive CAR T-cells into the future. Front. Immunol., 15, 1411393.

Rurik, J.G., Tombacz, 1., Yadegari, A., Mendez Fernandez, P.O.,
Shewale, S.V., Li, L., Kimura, T., Soliman, O.Y., Papp, T.E.,
Tam, Y.K., Mui, B.L., Albelda, S.M., Pure, E., June, C.H.,
Aghajanian, H., et al. (2022) CAR T cells produced in vivo to
treat cardiac injury. Science, 375, 91-96.

Saheera, S. & Krishnamurthy, P. (2020) Cardiovascular Changes
Associated with Hypertensive Heart Disease and Aging. Cell
Transplant., 29, 963689720920830.

Satou, R., Penrose, H. & Navar, L.G. (2018) Inflammation as a
Regulator of the Renin-Angiotensin System and Blood Pres-
sure. Curr. Hypertens. Rep., 20, 100.

Sievers, N.M., Dorrie, J. & Schaft, N. (2020) CARs: Beyond T
Cells and T Cell-Derived Signaling Domains. Int. J. Mol. Sci.,
21, 3525.

Sledz, M., Wojciechowska, A., Zagozdzon, R. & Kaleta, B. (2023)
In Situ Programming of CAR-T Cells: A Pressing Need in
Modern Immunotherapy. Arch. Immunol. Ther. Exp. (Warsz),
71, 18.

Smirnov, S., Mateikovich, P., Samochernykh, K. & Shlyakhto, E.
(2024) Recent advances on CAR-T signaling pave the way
for prolonged persistence and new modalities in clinic. Front.
Immunol., 15, 1335424.

Sterner, R.C. & Sterner, R.M. (2021) CAR-T cell therapy: current
limitations and potential strategies. Blood Cancer J., 11, 69.

Stoiber, S., Cadilha, B.L., Benmebarek, M.R., Lesch, S., Endres, S.
& Kobold, S. (2019) Limitations in the Design of Chimeric
Antigen Receptors for Cancer Therapy. Cells, 8, 472.

Syed, F., El Fakih, R., Alahmari, A.D., Osman Ali, A.S. & Aljurf,
M. (2022) Chimeric Antigen Receptor Structure and Manu-
facturing of Clinical Grade CAR Engineered Cells using
Different Bioreactors. Hematol. Oncol. Stem Cell Ther., 15,
137-152.

Taub, D.D. (2008) Neuroendocrine interactions in the immune
system. Cell. Immunol., 252, 1-6.

Wang, C., Wang, J., Che, S. & Zhao, H. (2023) CAR-T cell
therapy for hematological malignancies: History, status and
promise. Heliyon., 9, e21776.

Weinkove, R., George, P., Dasyam, N. & McLellan, A.D. (2019)
Selecting costimulatory domains for chimeric antigen recep-
tors: functional and clinical considerations. Clin. Transl.
Immunology, 8, €1049.

Writing Committee Members; Otto, C.M., Nishimura, R.A.,
Bonow, R.O., Carabello, B.A., Erwin, J.P. 3rd, Gentile, F.,
Jneid, H., Krieger, E.V., Mack, M., McLeod, C., O’Gara, P.T.,
Rigolin, V.H., Sundt, T.M. 3rd, Thompson, A., et al. (2021)
2020 ACC/AHA Guideline for the Management of Patients
With Valvular Heart Disease: A Report of the American
College of Cardiology/American Heart Association Joint
Committee on Clinical Practice Guidelines. J. Am. Coll.
Cardiol., 77, €25-e197.

Yang, W., Mixich, L., Boonstra, E. & Cabral, H. (2023) Polymer-
Based mRNA Delivery Strategies for Advanced Therapies.
Adv. Healthc. Mater., 12, €2202688.

Yang, Z., Liu, Y. & Zhao, H. (2024) CAR T treatment beyond
cancer: Hope for immunomodulatory therapy of non-
cancerous diseases. Life Sci., 344, 122556.

Zaidi, Y., Aguilar, E.G., Troncoso, M., Ilatovskaya, D.V. &
DeLeon-Pennell, K.Y. (2021) Immune regulation of cardiac
fibrosis post myocardial infarction. Cell. Signal., 77, 109837.

Zhang, A., Sun, Y., Du, J., Dong, Y., Pang, H., Ma, L., Si, S.,
Zhang, Z., He, M., Yue, Y., Zhang, X., Zhao, W., Pi, J., Chang,
M., Wang, Q., et al. (2021a) Reducing Hinge Flexibility of
CAR-T Cells Prolongs Survival In Vivo With Low Cytokines
Release. Front. Immunol., 12, 724211.

Zhang, C., Wang, L., Zhang, Q., Shen, J., Huang, X., Wang, M.,



152 R. Zhang et al.

Huang, Y., Chen, J., Xu, Y., Zhao, W, Qi, Y,, Li, Y., Ou, Y., M. (2021b) Optimization of metabolism to improve efficacy
Yang, Z. & Qian, C. (2023) Screening and characterization of during CAR-T cell manufacturing. J. Transl. Med., 19, 499.

the scFv for chimeric antigen receptor T cells targeting CEA- Zheng, D., Liwinski, T. & Elinav, E. (2020) Interaction between
positive carcinoma. Front. Immunol., 14, 1182409. microbiota and immunity in health and disease. Cell Res., 30,

Zhang, M., Jin, X., Sun, R., Xiong, X., Wang, J., Xie, D. & Zhao, 492-506.




