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compliance, aggravated interstitial fibrosis, and impaired systolic and diastolic function. Thus, pressure overload-
induced cardiac remodeling is not merely a mechanical adaptation, but a dynamic pathological process that
progresses from limited compensation to sustained injury and functional imbalance. Recent studies have shown that
the progression of this disease process cannot be explained solely by hemodynamic burden, as immune responses
are also involved. The chronically overloaded myocardium is not a passive recipient of stress. Rather, under
sustained stress, it continuously releases danger signals, reshapes the local inflammatory milieu, and increases the
likelihood that cardiac components will be recognized by the immune system. Therefore, immune involvement is not
simply a secondary phenomenon following pressure overload, but an important factor that drives the transition from
compensation to decompensation. Compared with acute and transient inflammatory responses, a more critical issue
is whether local injury signals can be converted into a sustained adaptive immune response, because this step
determines whether remodeling evolves from a relatively confined tissue reaction into a persistent chronic
pathological process.

INTRODUCTION

Pressure overload-induced cardiac remodeling is a common pathological basis in the progression of
hypertension, aortic stenosis, aortic coarctation, and related diseases, and represents an important antecedent
event in the development of heart failure"!. This process is not driven directly by a single injury, but
progresses from compensatory hypertrophy to decompensated remodeling. In the early stage, the heart can
maintain hemodynamic stability through cardiomyocyte hypertrophy, ventricular wall thickening, and
contractile compensation”’; however, when abnormal loading persists, mechanical stretch, perfusion
imbalance, and metabolic stress progressively accumulate, leading to a decline in cardiomyocyte adaptive
capacity, followed by ventricular structural rearrangement, reduced compliance, interstitial fibrosis, and
impaired systolic and diastolic function". Thus, pressure overload-induced cardiac remodeling is not merely
a mechanical adaptation, but a dynamic process in which limited compensation gradually gives way to
sustained injury. Recent studies suggest that immune responses are not secondary bystanders in this disease
process, but important contributors to the transition from compensation to decompensation. The
persistently overloaded myocardium can release danger signals, reshape the local inflammatory milieu, and
increase the likelihood that cardiac components are recognized by the immune system'. Compared with
transient inflammation, the more critical issue is whether local injury signals can be converted into sustained
adaptive immunity, as this determines whether remodeling evolves from a confined tissue reaction into a
chronic pathological process'”’.

Against this background, the immune process formed by dendritic cells (DCs) and cluster of differentiation
4-positive (CD4") T cells has particular research significance, although it is not the only immune pathway
operating in the pressure-overloaded heart'”. Macrophages, monocytes, cluster of differentiation 8-positive
(CDs") T cells, B cells, natural killer (NK) cells, natural killer T (NKT) cells, and innate lymphoid cells (ILCs)
may all participate in remodeling through cytokine production, antibody responses, cytotoxicity, or matrix
regulation”’. Some studies also suggest that certain myeloid cells may not be required to sustain remodeling
once pressure overload-induced heart failure has been established", and that cardiomyocyte antigen-specific
CDs" T cells can be activated without necessarily accelerating heart failure progression. Therefore, this
review does not present the DC-CD4" T cell axis as an exclusive explanation, but instead considers it a
working model that connects cardiac antigens, major histocompatibility complex class II (MHC II)-
dependent recognition, costimulation, and C-X-C chemokine receptor type 3 (CXCR3)-mediated homing.
The strength of this model lies in its relatively coherent evidence chain, which helps explain how local injury
is converted into chronic adaptive immunity; its limitation is that causal validation still derives mainly from
murine transverse aortic constriction (TAC) models, whereas evidence from human samples remains largely
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correlative. This review will also discuss other immune pathways, opposing or inconsistent findings, and
uncertainties in key mechanisms, and will evaluate the different risks associated with broad
immunosuppression, antigen-specific tolerance, and homing blockade in the intervention section, thereby
avoiding a direct equation of a single axis observed in animal models with the clinical disease course.

TISSUE BASIS FOR PRESSURE OVERLOAD-INDUCED ACTIVATION OF THE DC-CD4* T CELL

AXIS

Mechanical stretch-associated danger signals and formation of a pro-inflammatory

microenvironment

When pressure overload persists, the myocardium is first exposed to cellular stress caused by the combined
effects of mechanical stretch and perfusion imbalance, rather than to a purely structural burden"!. Under
repeated stretch and limited energy metabolism, cardiomyocytes gradually develop mitochondrial
dysfunction, redox imbalance, and impaired membrane integrity, leading to the release of damage-associated
molecular patterns such as mitochondrial DNA (mtDNA), high mobility group box 1, and adenosine
triphosphate. These signals drive sterile inflammation from focal injury toward a tissue-level response!*’.
Pressure overload-induced oxidative stress can amplify pre-existing inflammatory signals and promote the
modification of cardiac proteins by lipid peroxidation products, thereby increasing their likelihood of being
recognized by the immune system. In this way, simple stress-related injury is converted into an
immunologically recognizable signal capable of triggering antigen presentation". In parallel, cytosolic
accumulation of mtDNA can activate the cGAS-STING pathway, induce interferon-like responses and
inflammatory cytokine transcription, and sustain the local pro-inflammatory environment"?.

On this basis, the local microenvironment of the overloaded heart is no longer characterized merely by
increased inflammation, but gradually acquires the conditions required for immune cell recruitment, antigen
processing, and intercellular communication”. On the one hand, enhanced adhesion molecule expression
and chemokine signaling can promote the entry of peripheral immune cells into the myocardium and
prolong their local retention"*. On the other hand, resident macrophages and infiltrating monocytes may
participate in damage clearance, inflammatory amplification, and the release of profibrotic signals, whereas
fibroblasts shape the local niche through chemokine production and matrix remodeling"*. Under the
influence of signals such as interferon-gamma (IFN-y), a subset of fibroblasts may acquire features related to
MHC II-associated antigen processing. CD8* T cells, B cells, NK cells, and ILCs may also participate in
disease progression through cytotoxicity, antibody responses, or cytokine networks; however, their causal
roles, temporal windows, and cellular origins remain inconsistent across studies. Accordingly, the increase in
cluster of differentiation 11c-positive (CD11c¢*), MHC II-positive (MHC II*) DCs should be understood as
one of the conditions that enables adaptive immune activation, rather than as the source of all inflammation
or the sole pathogenic entry point.

DC heterogeneity, recruitment, maturation, and cardiac antigen loading

As pressure overload continues to progress, DCs gradually assume a bridging role between local myocardial
injury and subsequent activation of adaptive immunity; however, DCs in this context do not represent a
functionally homogeneous cell population". Previous studies have often used CD11¢" and MHC II* as broad
markers, showing that these cells begin to expand early in the disease course and exhibit a biphasic pattern of
accumulation within the heart. Corresponding cell populations also increase in the spleen and peripheral
blood, suggesting that DC recruitment occurs not only at the local lesion site but also involves mobilization
of peripheral immune compartments'. As pressure overload persists, the local microenvironment promotes
the upregulation of antigen presentation-related molecules, including MHC II, in DCs, thereby establishing a
more mature antigen-presenting phenotype'””.. Depletion of bone marrow-derived CD11¢* DCs markedly
attenuates TAC-induced myocardial inflammation, hypertrophy, and fibrosis, suggesting that DCs as a
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whole exert a disease-promoting role!*’. Nevertheless, these findings remain largely confined to the level of
total DC populations and do not yet distinguish the respective contributions of type 1 conventional dendritic
cells (cDC1), type 2 conventional dendritic cells (cDC2), monocyte-derived DCs, and migratory DCs.

Furthermore, current studies support the ability of DCs to take up, process, and present cardiac-derived
antigens, although different DC subsets may perform distinct tasks. cDC1 cells are generally more efficient in
the uptake of necrotic cell-associated antigens and cross-presentation, and may participate in T helper 1
(Th1)-like responses'; cDCz2 cells are more closely associated with MHC II-dependent antigen presentation
and CD4" T cell polarization"”’; monocyte-derived DCs often expand in inflammatory settings and may
amplify local responses through robust cytokine output”’; and migratory DCs are more likely to mediate
antigen transport from the myocardium to draining lymph nodes"’. It should be noted that previous studies
have commonly defined total DCs by CD11c and MHC II expression'®, making it difficult to exclude the
influence of monocytes, macrophages, and differences in maturation status, and also insufficient to
demonstrate that all antigen-presenting cells originate from the same lineage. Both homogenates from
pressure-overloaded cardiac tissue and isolevuglandin (IsoLG)-modified proteins can enhance the ability of
DCs to induce T cell receptor (TCR)-dependent CD4" T cell activation. However, these findings only
indicate that antigen burden and oxidative modifications are immunogenic, and do not yet define the
dominant antigen repertoire, the key presenting subsets, or their stage-specific contributions.

Candidate cardiac autoantigens and their directed transport to lymph nodes

Myocardial stress induced by mechanical loading does not end with local injury, but may generate
autoantigenic information that can be recognized and transported by the peripheral immune system'").
Among the existing evidence, a-myosin is one of the earliest recognized candidate cardiac autoantigens;
Under steady-state conditions, it can be presented by conventional DCs in the cardiac-draining mediastinal
lymph nodes, suggesting the presence of basal antigen exchange between the heart and mediastinal lymph
nodes””. After pressure overload, cardiomyocyte injury and changes in protein structure may increase the
release of antigenic substrates®!. Cardiomyocyte-restricted antigen models further show that, as long as a
recognizable myocardial antigen is locally present, TAC can drive antigen-specific CD4" T cell activation and
accelerate deterioration of cardiac function"””. However, this model relies on an artificially defined antigen
system and therefore cannot demonstrate that the true dominant antigens in pressure overload have been
identified. Clues regarding cardiac neoantigens or humoral immunity also suggest that B cell and antibody
responses may coexist in parallel®.

The feasibility of this spatial transition depends critically on the continuous uptake and transport of
interstitial fluid, macromolecular components, and antigenic burden by the cardiac lymphatic drainage
system. Cardiac lymphatic vessels can direct macromolecules in the interstitial fluid to draining lymph
nodes, and vascular endothelial growth factor C- and vascular endothelial growth factor D-associated
lymphatic responses during pressure overload are particularly important for maintaining lymphatic vessel
density and limiting the retention of inflammatory components®’. As early as 2 days after TAC, T cell
activation first appears in the cardiac-draining mediastinal lymph nodes, whereas no synchronous increase is
observed in other non-draining lymphoid organs. This suggests that antigens and danger signals derived
from the pressure-overloaded myocardium preferentially enter local draining lymphoid organs®. Therefore,
the sequence from autoantigen formation, local uptake and processing, to directed transport toward the
mediastinal lymph nodes is currently better understood as a set of interconnected candidate steps [Figure 1],
rather than as a single pathway that has been fully established. Future studies combining antigen fate tracing,
DC subset-specific labeling, and time-resolved analysis are still needed to determine whether specific
antigens generated by the pressure-overloaded heart enter the draining lymph nodes through the same
antigen-presenting cell population and directly initiate antigen-specific CD4" T cell responses.
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Figure 1. Model of cardiac antigen formation and activation of the DC-CD4* T cell axis under pressure overload. Pressure overload induces
the release of cardiac injury signals, the formation of candidate antigens, and DC-mediated antigen transport. This figure summarizes the
candidate processes involving myocardial stress, DAMP release, generation of oxidatively modified antigens, DC uptake and maturation,
and cardiac lymphatic drainage to the mediastinal lymph nodes. DC: Dendritic cell; ROS: reactive oxygen species; mtDNA: mitochondrial
DNA; DAMPs: damage-associated molecular patterns; HMGB?1: high mobility group box 1; ATP: adenosine triphosphate; CD11c: cluster of
differentiation 11c; MHC II: major histocompatibility complex class II; CD80: cluster of differentiation 80; CD86: cluster of differentiation
86.

DC-DEPENDENT CD4" T CELL PRIMING AND FUNCTIONAL DIFFERENTIATION UNDER

PRESSURE OVERLOAD

Antigen recognition and costimulation set the activation threshold for CD4* T cells

In pressure overload-induced cardiac remodeling, the initial activation of CD4" T cells is not a passive
consequence of intensified local inflammation, but an important starting point that drives disease
progression from compensatory hypertrophy toward decompensation. This step primarily depends on
antigen-specific recognition, rather than being driven solely by increased inflammatory cytokines or tissue
injury signals. In TAC models, mice lacking adaptive immunity, as well as mice deficient in MHC II, show
markedly attenuated subsequent deterioration of cardiac function, suggesting that helper T cells and their
capacity for antigen recognition play a critical role in disease progression""). When CD4" T cells are unable to
recognize antigens associated with the pressure-overloaded heart, typical pathogenic responses are difficult
to establish even under persistent mechanical loading™'. Conversely, when a recognizable antigen is present
within cardiomyocytes, pressure overload is sufficient to markedly enhance CD4* T cell activation and
accelerate the transition from cardiac hypertrophy to heart failure. These findings indicate that whether the
pressure-overloaded heart can generate and continuously provide immunologically relevant autoantigenic
information is an important prerequisite for determining whether CD4" T cells enter a pathogenic program.
However, only a limited number of cardiac antigens can currently be clearly included as candidates, and «
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-myosin, oxidatively modified proteins, and experimental model antigens cannot fully represent the true
antigen repertoire in pressure overload”. Mechanistically, the key transition at this stage may occur during
the uptake, processing, and presentation of cardiac-derived antigens by DCs. DCs process antigens released
from injured tissue into peptides and present them to naive CD4" T cells as MHC II complexes, allowing the
TCR to receive the first antigen-specific recognition signal and thereby converting local mechanical stress
and tissue injury into an initiating event for adaptive immunity"'.

However, antigen recognition between MHC II and the TCR alone is still insufficient for naive CD4* T cells
to achieve stable activation and enter sustained expansion”". For naive T cells, costimulatory signaling is
required to cross the full activation threshold, with the central event being the interaction between cluster of
differentiation 80 (CD80) and cluster of differentiation 86 (CD86) on DCs and cluster of differentiation 28
(CD28) on T cells™!. Related studies have shown that T cell activation can already be detected in the cardiac-
draining mediastinal lymph nodes at a very early stage after pressure overload. When CD80/CD86-mediated
costimulation is blocked, the proportion of activated T cells decreases markedly, followed by parallel
reductions in inflammatory cell infiltration, cardiomyocyte injury, fibrosis, and deterioration of cardiac
function®. This indicates that costimulation is not an accessory factor after response initiation, but a key
step by which DCs convert antigen recognition into initial T cell priming. However, this process should not
be interpreted as being carried out by a single DC population. Migratory DCs may be responsible for
transporting cardiac antigens to draining lymph nodes; cDCz2 cells are more likely to mediate MHC II-
dependent CD4" T cell priming; cDC1 cells may have potential roles in cross-presentation, necrotic cell
antigen processing, and Thi-like responses; and monocyte-derived DCs may contribute more to
inflammatory amplification and maintenance of costimulatory signals!. Pressure overload-induced heart
failure may be accompanied by autoimmune-like responses against cardiac autoantigens and clonal
expansion of activated CD4" T cell populations. Taken together, current evidence supports the view that
initial CD4" T cell activation is a layered process jointly determined by antigen burden, DC subset
composition, MHC II-dependent recognition, and costimulation'*. Therefore, the entire priming process
cannot be explained solely by changes in total CD11¢" or MHC II" cell populations. Further clarification is
needed to determine which DC subsets carry which cardiac antigens and where they establish effective
contact with naive T cells. In addition, although the functional significance of MHC II-dependent
recognition and costimulatory blockade is relatively clear, direct evidence linking specific cardiac antigens,
specific DC subsets, and specific T cell clones remains lacking. DCs are therefore better described as
candidate regulatory nodes composed of multiple functional subsets, rather than as a fully established single
upstream controlling cell population.

The inflammatory microenvironment shapes CD4* T cell effector differentiation and pathogenic
phenotypes

During cardiac remodeling driven by sustained pressure overload, the role of DCs in CD4" T cells is not
limited to initial activation; more importantly, DCs determine the functional direction in which these cells
subsequently undergo stable differentiation'*’. At this stage, the key issue that truly influences disease
progression is no longer simply whether T cells are activated, but which type of DC presents the antigenic
information continuously released from the pressure-overloaded heart, and under which cytokine context
this information guides T cells toward a particular effector program™. In general, the more persistent the
antigen burden and the more stable the presentation, the more likely naive CD4" T cells are to shift from
transient activation to a relatively stable differentiation program®. However, different DC subsets do not
generate identical outputs. cDC2 cells are more commonly associated with MHC II-dependent CD4" T cell
polarization®, cDC1 cells may participate in necrotic cell antigen processing and Th1-like responses
through features such as XCR1 and CLEC9A"*, and monocyte-derived DCs may produce interleukin-6
(IL-6), tumor necrosis factor-alpha (TNF-a), and interleukin-12 (IL-12) family-related signals in
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inflammatory settings, thereby amplifying T cell effector responses”!. Studies have shown that IL-12a
deficiency markedly attenuates cardiac inflammation, hypertrophy, fibrosis, and functional deterioration
after pressure overload"”. Therefore, a more reasonable interpretation is that the antigen-presenting capacity
and cytokine output of different DC subsets in the pressure-overloaded heart jointly shape the trajectory by
which CD4" T cells progress from early activation toward Thi-like, T helper 17 (Th17)-like, or regulatory T-
cell (Treg) phenotypes.

This DC-driven fate divergence ultimately determines the pathological output of CD4" T cells within the
tissue. Studies have shown that, in the context of non-ischemic heart failure, the cell population most closely
associated with cardiac fibrosis and dysfunction is not T cell infiltration in a general sense, but IFN-vy-
producing Th1 effector cells”. More importantly, these cells do not amplify injury only at a distance through
the secretion of inflammatory mediators. They can also directly establish adhesive contact with cardiac
fibroblasts, induce the expression of a-smooth muscle actin, and promote their transition toward
myofibroblasts with profibrotic features®*’. In vivo, adoptive transfer of Th1 cells, but not naive T cells or
activated T cells lacking IFN-v, is sufficient to reinduce elevated left ventricular end-diastolic pressure,
impaired systolic function, and pathological remodeling in T cell-deficient mice™*". These findings indicate
that DC-directed functional polarization is not merely an abstract immunological classification, but directly
determines whether CD4" T cells acquire the executive capacity to promote fibrosis and decompensation'*’.
In other words, among activated CD4" T cells, only those that further develop a Thi-like differentiation bias
under specific cytokine and costimulatory signals provided by DCs are more likely to become pathogenic
populations that drive structural remodeling.

In addition, the balance between costimulatory and coinhibitory signals not only determines the magnitude
of the response, but also alters the direction of differentiation. Under pressure overload, cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) blockade can promote Th17 cell activation and enhance
interleukin-17A-related inflammatory responses, while aggravating cardiac remodeling and dysfunction'*”);
In contrast, selective expansion of Tregs can alleviate inflammation and organ remodeling in chronic
pressure overload-associated heart failure!*!. These two lines of evidence indicate that the effects of CD4" T
cells are not fixed toward a pro-inflammatory outcome, but depend on the balance among antigenic
stimulation, the costimulatory threshold, and regulatory restraint. However, it should also be noted that
CTLA-4 blockade represents an artificial release of an inhibitory checkpoint and is not equivalent to a major
driving event in the natural disease course. Similarly, the protective effects of Treg expansion may also arise
from broad anti-inflammatory and tissue-reparative effects, rather than being entirely dependent on cardiac
antigen specificity. Therefore, Th1, Th17, and Treg responses should be viewed as competing differentiation
branches rather than as a linear progression. Future studies need to assess antigen specificity, cytokine
profiles, clonal expansion, and tissue localization simultaneously within the same model to determine which
type of CD4" T cell truly governs the decompensation process, and to avoid extrapolating a single phenotype
to the entire disease mechanism. This approach preserves the central role of CD4" T cells while also
accounting for evidence showing that effector directions are not uniform.

Cardiac homing, local reactivation, and maintenance of effector CD4* T cell responses

After completing initial activation and acquiring effector features in the draining lymph nodes, CD4" T cells
do not remain within peripheral immune compartments for long, but instead enter a phase of directed
recirculation. After leaving lymphoid organs, they re-enter the circulation, by which time the expression
profiles of chemokine receptors and adhesion-related molecules on their surface have already been shaped
during the preceding priming and functional polarization processes”®. Thereafter, the key determinant of
whether these cells can re-enter the heart is not the passive diffusion of inflammatory mediators in the blood,
but whether the pressure-overloaded myocardium continues to provide recognizable homing signals'**.
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Figure 2. Candidate processes by which different DC subsets mediate CD4* T cell priming and functional polarization under pressure
overload. This figure summarizes the process by which cardiac antigens are processed by migratory DCs, cDC1, cDC2, and monocyte-
derived DCs, and subsequently induce CD4* T cell activation, clonal expansion, and differentiation toward Th1-like, Th17-like, or Treg
phenotypes in the draining lymph nodes through MHC [I-TCR recognition, CD80/CD86-CD28 costimulation, and cytokine signaling. TCR:
T cell receptor; CD28: cluster of differentiation 28; IL-12: interleukin-12; Th1: T helper 1 cell; IFN-y: interferon-gamma; FOXP3: forkhead box
protein 3; IL-10: interleukin-10; TGF-f: transforming growth factor-beta; Th17: T helper 17 cell; RORyt: RAR-related orphan receptor
gamma t; IL-17A: interleukin-17A; CXCR3: C-X-C chemokine receptor type 3; DC: dendritic cell; cDCT: type 1 conventional dendritic cell;
cDC2: type 2 conventional dendritic cell; MHC II: major histocompatibility complex class Il; CD80: cluster of differentiation 80; CD86:
cluster of differentiation 86; Treg: regulatory T cell.

Studies have shown that myeloid cells and fibroblasts in the injured heart can upregulate chemokines such as
C-X-C motif chemokine ligand 9 (CXCL9) and C-X-C motif chemokine ligand 10 (CXCL10), thereby
preferentially attracting CXCR3-expressing effector CD4" T cells to accumulate locally"*. At the same time,
increased expression of adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1) on activated
endothelial cells further provides the structural conditions required for circulating T cells to slow down,
adhere, and undergo transendothelial migration*”. Thus, chemokines determine the direction of return,
adhesion molecules determine the efficiency of entry, and the inflammatory activation state of the local
vascular wall determines whether this migration can actually be completed. As a result, CD4" T cells that
have already acquired effector characteristics in the draining lymph nodes can be redirected to cardiac
lesions, allowing the preceding peripheral immune priming to be further converted into local immune
infiltration and translating antigen recognition, functional differentiation, and cardiac return into tissue-level

cellular accumulation [Figure 2].

However, cardiac homing represents only spatial return and is not the endpoint of this response. After
entering the myocardium, CD4" T cells often cannot maintain long-term activation without local
restimulation. In contrast, if antigen presentation and inflammatory responses persist within the lesion, their
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effector program can be reinforced and sustained!**). As the disease progresses, TCR-related antigen
recognition signals within the heart are further enhanced, suggesting that returning T cells may continue to
receive antigenic stimulation within the tissue"””’. Notably, this reactivation process is not restricted to
recruited professional antigen-presenting cells. Local stromal cells, especially fibroblasts, may also acquire
MHC II-dependent antigen processing and presentation capacity under the influence of inflammatory
cytokines such as IFN-y, thereby working together with DCs to maintain restimulation sites and form a
relatively stable local stimulatory platform"”. However, direct evidence remains lacking as to whether these
cells possess complete costimulatory capacity and whether they can independently sustain pathogenic T cell
responses in the absence of professional antigen-presenting cells such as DCs and macrophages. Therefore, a
more cautious interpretation is that fibroblasts may act as part of the local restimulation platform,
prolonging antigen exposure and T cell retention, rather than independently replacing professional antigen-
presenting cells. At the same time, persistent antigenic fragments, cellular injury signals, and an incompletely
resolved chemokine environment within local tissue can extend the residence time of effector T cells in the
lesion, allowing them to undergo repeated restimulation through antigen re-presentation'**. In this setting,
the heart is no longer merely the terminal target organ in which effector T cells act, but may also serve as a
local immune site that supports their reactivation, retention, and functional maintenance'**. Thus, cardiac
antigen release, lymphatic drainage, T cell activation in draining lymph nodes, and the return of effector
CD4' T cells together constitute an explanatory spatial model. However, this model is mainly assembled
from evidence derived from different studies and should not yet be equated with a closed loop that has been
continuously demonstrated in pressure overload models. Future studies are still needed to further distinguish
the temporal sequence and degree of dependence between professional antigen-presenting cells and
fibroblasts in local restimulation.

MECHANISMS BY WHICH CD4* T CELLS AND IMMUNE NETWORKS DRIVE CARDIAC

DECOMPENSATION

Local cardiac antigen re-presentation: DC-T cell interactions and fibroblast involvement

As effector CD4" T cells re-enter the pressure-overloaded heart, DC-mediated antigen presentation may no
longer serve only as an upstream step in the initiation of the early immune response. Instead, it may interact
with local T-cell effector programs, thereby providing a tissue basis for sustained immune amplification'*.
Studies have shown that bone marrow-derived CD11c” DCs exert pathogenic effects in left ventricular
inflammation, hypertrophy, and fibrosis induced by hemodynamic overload, suggesting that DCs may
continue to contribute to the maintenance of local inflammation and structural injury during the later stages
of remodeling'®. Further distinction is needed among locally retained cDC1, cDC2, inflammation-induced
monocyte-derived DCs, and returning migratory DCs, as these subsets may have different roles in antigen
representation, cytokine production, T-cell restimulation, and inflammatory amplification'. At present,
there is still no evidence showing that the same population of DCs repeatedly presents the same antigen
within the heart and continuously drives clonal expansion of the same T-cell population. Therefore, the
relationship between DCs and CD4" T cells is better described as a subset-dependent local interaction rather
than as an established closed positive-feedback loop.

After effector CD4" T cells return to the lesion site, their role may extend beyond amplifying inflammatory
output and may also reshape the local landscape of antigen presentation'™’. Studies have shown that antigen
presentation in the pressure-overloaded heart is not restricted to professional antigen-presenting cells. Under
the influence of IFN-y, cardiac fibroblasts can take up and process antigens and present them to CD4" T cells
through MHC II"*"); Conditional deletion of the MHC II pathway in fibroblasts markedly attenuates
remodeling and cardiac dysfunction®. These findings support the involvement of fibroblasts in local
restimulation, but they do not establish fibroblasts as fully competent professional antigen-presenting cells.
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Key limitations remain, including the uncertain expression of costimulatory molecules, antigen-processing
efficiency, and correspondence with specific T-cell clones. In addition, MHC II deletion may also alter the
inflammatory phenotype of fibroblasts. Therefore, DCs, macrophages, and fibroblasts together constitute a
local antigen-presenting network that sustains T-cell retention and restimulation at different stages, rather
than chronic T-cell responses being maintained independently by a single non-immune cell population.

Superimposed immune pressure and cardiomyocyte stress decompensation

Under pressure overload, cardiac dysfunction can develop independently of the extent of hypertrophic
growth when cardiomyocyte stress-adaptive and prosurvival signaling is impaired”?. The previously
established immune axis involving DCs and CD4" T cells may alter the adaptive outcome of the pressure-
overloaded myocardium at this stage. However, the immune pressure imposed on cardiomyocytes does not
arise solely from CD4" T cells"”’!. Macrophages and monocytes can amplify local injury through TNF-q,
interleukin-1 beta, IL-6, and profibrotic mediators'”; CD8" T cells may aggravate myocardial stress through
cytotoxic molecules and inflammatory cytokines'**; B cells can influence adaptive immunity through
antibodies, antigen presentation, and cytokine production™’; and NK cells, NKT cells may reshape the early
cytokine milieu and immune balance®. Therefore, CD4" T cells are better viewed as an antigen-specific
amplification node within a multicellular inflammatory network, rather than as the sole effector source.
Compensatory hypertrophy is, in essence, a limited protective remodeling response, and its maintenance
depends on intact energy supply, contractile reserve, and injury repair capacity’”’. Once the CD4" T-cell
response persists, cardiomyocytes are no longer exposed to mechanical stretch alone, but to a long-term
superposition of mechanical load, innate immunity, and adaptive immunity"*.. During this process, local
proinflammatory mediators, oxidative stress, and sustained antigenic stimulation continue to accumulate,
converting cellular stress that could originally be buffered in the short term into a chronic state of exhaustion
that is difficult to reverse. The adaptive margin of cardiomyocytes is thereby progressively narrowed**\.
Studies have shown that, under pressure overload, once a CD4" T-cell response against cardiac antigens is
established, the transition from hypertrophy to functional failure is markedly accelerated”. The significance
of this process lies in the ability of CD4" T cells to link antigen recognition, cytokine output, and fibroblast
activation, thereby converting an inflammatory background into sustained adaptive immune pressure. This
long-standing immune injury weakens the ability of cardiomyocytes to tolerate pressure overload, causing
cells that might otherwise maintain function through hypertrophic remodeling to gradually develop
impaired contraction, restricted diastolic relaxation, and reduced survival capacity.

At the same time, once this immune axis is established, cardiomyocytes themselves may in turn become an
important source driving disease progression. Pressure-overloaded and injured cardiomyocytes can
continuously release new damage signals and antigenic substrates, making it difficult for the local immune
response to terminate spontaneously®. Thus, cardiomyocytes are not merely passive targets affected by
inflammation; after injury, they continue to provide new stimuli to the immune system, further sustaining
DC-mediated activation and local reinitiation of CD4" T-cell responses!*”. As a result, the local response fails
to enter the resolution phase smoothly, and a self-reinforcing vicious cycle gradually develops between
persistent inflammation and cardiomyocyte injury'*". Each new round of cardiomyocyte stress imbalance
leads to further antigen exposure and danger signaling, while each round of immune amplification further
compromises cardiomyocyte survival and compensatory potential'®®. Therefore, the effect of the DC-CD4*
T-cell immune axis on cardiac function is essentially mediated by its sustained erosion of cardiomyocyte
stress tolerance. This process causes cardiomyocytes to lose the functional reserve required to maintain
compensation earlier under chronic load, and converts local inflammation from a relatively reversible
response into persistent tissue stress'®”. As the number of surviving cardiomyocytes gradually decreases, the
remaining cells are forced to bear a greater workload, further increasing ventricular wall stress and ultimately
driving the transition from compensatory hypertrophy to decompensated remodeling*’. Therefore, the link
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between this immune axis and cardiac dysfunction is not merely indirect; rather, by continuously weakening
the adaptive capacity of cardiomyocytes, this axis directly participates in the central process of heart failure
progression.

Fibroblast immune activation, extracellular matrix imbalance, and fibrosis progression

As the disease process shifts from immune activation to structural remodeling, DC-mediated antigen
presentation and costimulation can sustain CD4" T-cell responses, causing cardiac remodeling to further
manifest as fibroblast activation, extracellular matrix imbalance, and fibrosis progression'*. At this stage,
fibroblasts show a clear phase-dependent change in function”. In the early phase, these cells may participate
in chemokine release and maintenance of the inflammatory microenvironment, thereby facilitating local
immune-cell accumulation. As effector CD4" T cells continue to enter and remain within the heart,
fibroblasts gradually become the principal executors of structural remodeling. Their proliferation, activation,
and myofibroblast-like transition are progressively enhanced, accompanied by abnormal accumulation of
collagen and other extracellular matrix components. Under inflammatory conditions, a subset of fibroblasts
may also acquire MHC II-dependent antigen-presenting features; however, this property should be regarded
as an extension of their immunomodulatory function rather than a complete replacement of professional
antigen-presenting cells'*). CD4" T cells and their antigen-recognition capacity play a critical role in the

29]

transition from compensatory hypertrophy to decompensated heart failure™’, suggesting that subsequent
fibrosis is not determined solely by mechanical stimulation, but is progressively amplified under sustained
involvement of adaptive immunity. Consistent with this view, ICAM-1-mediated persistent leukocyte
recruitment can markedly affect left ventricular inflammatory infiltration, the extent of fibrosis, and changes
in cardiac function, indicating that repeated entry of immune cells into the lesion site continuously provides
pro-activation signals to fibroblasts and promotes long-term imbalance in matrix turnover!®”. Studies have
shown that interleukin-21-related signaling can disturb the balance between tissue inhibitor of
metalloproteinases 4 and matrix metalloproteinase 9, accelerate disordered matrix degradation and
redeposition, and ultimately promote abnormal interstitial collagen accumulation and reduced ventricular
compliance'®. Therefore, at this stage, fibroblasts act both as executors of structural remodeling and as
immunomodulatory participants within the inflammatory milieu, although their antigen-presenting role
should still be interpreted in the context of the coordinated actions of DCs and other professional antigen-
presenting cells.

As this process continues, fibroblasts themselves may in turn amplify inflammation and structural injury,
creating a mutually reinforcing loop between immune responses and tissue remodeling. Studies have shown
that pressure overload can activate specific fibroblast subsets and recruit inflammatory LysC-high monocytes
into the heart through fibroblast-intrinsic nuclear factor kappa B signaling. This indicates that fibroblasts are
not merely passive targets of immune stimulation, but important participants in maintaining a chronic
inflammatory milieu'”. In this context, persistently activated fibroblasts promote collagen deposition and
matrix rearrangement on the one hand, while on the other hand releasing chemokines and inflammatory
mediators that prolong local immune-cell retention and enhance intercellular signaling within the lesion.
Together, these processes reinforce the coupling between interstitial remodeling and immune
amplification!*”. Therefore, pressure overload-associated fibrosis is not simply an increase in collagen
content. Rather, it reflects the transition of fibroblasts from a short-term reparative response to long-term
pathological activation under sustained immune drive, and also provides an important tissue basis for the
failure of local inflammation to resolve. This process gradually converts an initially localized repair program
into persistent structural output, thereby aggravating ventricular wall stiffness, reduced compliance, and
fixation of adverse remodeling. In summary, the ability of the DC-CD4" T-cell axis to drive the heart from
immune imbalance toward structural imbalance lies in its continuous provision of pro-activation and pro-
matrix-remodeling signals to fibroblasts. Activated fibroblasts, in turn, further consolidate the local
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Figure 3. Model of effector CD4* T cells, fibroblast antigen presentation, and structural remodeling in the pressure-overloaded heart. Local
interactions among effector CD4* T cells, cardiomyocyte injury, and fibroblast-mediated matrix remodeling in the pressure-overloaded
heart. This figure summarizes the process by which, after homing to the heart, effector CD4* T cells interact locally with cardiomyocytes,
DCs, and fibroblasts in the presence of antigenic and inflammatory signals, accompanied by cardiomyocyte stress, fibroblast activation,
collagen deposition, and ventricular remodeling. DC: Dendritic cell; CXCL9: C-X-C motif chemokine ligand 9; CXCL10: C-X-C motif
chemokine ligand 10; ICAM-1: intercellular adhesion molecule 1; IL-21: interleukin-21; a-SMA: alpha-smooth muscle actin; ECM:
extracellular matrix.

pathological environment through inflammatory-cell recruitment, extracellular matrix rearrangement, and
increased tissue stiffness, ultimately promoting the progression of myocardial fibrosis and ventricular
remodeling [Figure 3].

TRANSLATIONAL VALUE, RISKS, AND RESEARCH LIMITATIONS OF IMMUNOMODULATORY

INTERVENTIONS

Stratified targeting of costimulation, cytokines, homing, and immune tolerance

Potential intervention strategies targeting DC-CD4" T-cell coupling should not simply aim to suppress
inflammation, but rather to attenuate this immune axis stepwise at key points of response initiation, effector
differentiation, and cardiac homing. More upstream strategies include reducing the formation of cardiac
autoantigens and limiting the increase in their immunogenicity, for example by decreasing the burden of
oxidatively modified neoantigens, or by inducing tolerogenic DCs, using antigen-delivery nanoparticles, or
applying oral or mucosal antigen exposure. These approaches may bias cardiac antigens toward the
induction of Treg responses, anergy, or clonal deletion, rather than the expansion of proinflammatory T
cells". Compared with broad immunosuppression, antigen-specific immune tolerance is theoretically more
tissue-selective and better suited to the long-term management required for chronic pressure overload.
However, this strategy depends on prior clarification of the dominant cardiac antigens, the cellular sources of
antigen presentation, and the effective delivery window. Because the dominant antigenic repertoire in
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pressure overload remains undefined, such approaches are currently more appropriate as early exploratory
directions and should not yet be regarded as mature translational strategies.

At a level closer to the effector phase, costimulatory blockade, IL-12-related interventions, and CXCR3
inhibition constitute more specific immunomodulatory approaches. Blockade of the CD28-CD80/CD86 axis
can reduce initial T-cell priming, subsequent expansion, and the efficiency of cardiac infiltration, and
pressure-overload models have shown that this strategy can delay the deterioration of cardiac function'*.
IL-120 deficiency or pharmacological inhibition of IL-12B can attenuate Thi-like polarization and
inflammatory amplification, and may therefore reduce profibrotic T-cell effects””; CXCR3 inhibition mainly
targets the cardiac homing of activated effector T cells and can block CXCL9/CXCL10-driven local
accumulation"*. In addition, tolerogenic DCs can bias cardiac antigen presentation toward immune
tolerance by downregulating MHC class II and costimulatory molecules, enhancing IL-10/indoleamine 2,3-
dioxygenase-mediated immunoregulation, or inducing Tregs'®. Antigen-specific tolerance targeting cardiac
myosin or troponin has shown feasibility in models of autoimmune myocarditis and ischemic myocardial
injury, but its efficacy in pressure overload-induced cardiac remodeling remains to be established. These
approaches correspond, respectively, to peripheral priming, functional polarization, tissue infiltration, and
restoration of immune homeostasis. Their shared limitation is the lack of cardiac specificity. Long-term use
may impair anti-infective and antitumor immunity, as well as tissue repair responses, thereby increasing the
risk of systemic immunosuppression. Therefore, future translational studies should emphasize short-course,
stage-specific, low-dose, or locally delivered interventions, rather than prolonged suppression of T-cell
function.

Human relevance, levels of evidence, safety, and unresolved questions

At present, evidence regarding the DC-CD4" T-cell axis is still derived mainly from animal models of
pressure overload, and most studies have validated individual steps of the pathway separately. Existing
studies suggest that cardiac antigen generation, DC activation, CD4" T-cell priming, fibroblast antigen
presentation, and pathogenic T-cell responses may all contribute to cardiac remodeling. However, the
complete sequence has not yet been continuously demonstrated within a single experimental system.
Human-related evidence currently comes mainly from findings of immune-cell infiltration, CXCR3-
associated homing signals, fibroblast MHC II expression, and autoimmune-like responses in samples from
pressure overload or non-ischemic heart failure, but overall it remains largely correlative. Table 1
summarizes the major models, findings, and boundaries of evidence. Inconsistent findings should also be
considered in parallel; for example, certain myeloid cells may not be essential at specific stages, antigen-
specific CD8" T cells can be activated but may not necessarily promote heart failure progression, and B-cell
or antibody responses may occur alongside the CD4" T-cell axis. Overall, although costimulatory blockade,
IL-12 inhibition, CXCR3 antagonism, tolerogenic DCs, and antigen-specific tolerance each have mechanistic
advantages, their clinical translation remains limited by undefined antigens, complex cellular sources, a
narrow safety window, and the risk of long-term immunosuppression. Future studies will require more
human myocardial tissues, blood immune profiling, longitudinal clinical cohorts, and cross-species
validation.

CONCLUSIONS

Pressure overload-induced cardiac remodeling is not caused solely by increased afterload, but represents a
chronic pathological process jointly shaped by mechanical stress, myocardial injury signals, and immune
responses. The persistently overloaded myocardium can release danger signals and generate cardiac antigens
with the potential for immune recognition. Through DC uptake, maturation, antigen presentation, and
costimulation, these signals promote CD4" T-cell priming, effector differentiation, and cardiac homing.
Returning CD4" T cells can further impair cardiomyocyte adaptive capacity and promote matrix imbalance
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Table 1. Model evidence, key findings, and limitations of immune mechanisms in pressure overload

Representative
research area

Model or sample

Key findings

Boundaries of evidence

CD4* T cells and pressure
overload-induced
decompensation

Costimulatory blockade
and T-cell priming

CXCR3-associated
cardiac homing

Cardiac autoantigens and
oxidative modification

DC and fibroblast antigen
presentation

IL-12, tolerogenic DCs,
and antigen-specific
tolerance

Overall assessment of
human-related evidence

Mouse TAC, immunodeficiency
models, or T-cell intervention
models

Mouse TAC and intervention
targeting the CD80/CD86-
CD28 axis

Human myocardial samples
related to pressure overload
and mouse TAC models

Mouse pressure-overload
models and cardiac antigen
stimulation experiments

Mouse TAC, DC analysis,
fibroblast MHC Il manipulation,
and human tissue observations

Mouse pressure-overload
models and immune-tolerance
intervention models

Human myocardial tissue,
blood immune profiles, and
clinical observations

CD4* T cells promote the transition from
compensatory hypertrophy to heart
failure and are associated with fibrosis
and functional deterioration!?”!

Blocking costimulation can reduce T-cell
activation and cardiac infiltration, and
attenuate the deterioration of cardiac
function?®

CXCR3* T cells can accumulate in the
pressure-overloaded heart, and the
CXCL9/CXCL10 axis participates in the
cardiac homing of effector T cells™

o-myosin and oxidatively modified
proteins, such as IsoLG-modified proteins,
suggest that cardiac components can
form immunogenic antigenst™

DCs participate in cardiac antigen
presentation; under inflammatory
conditions, fibroblasts can acquire MHC
|l-associated antigen-presenting
featurest*®

IL-12-related signaling participates in Th1-
like polarization; tolerogenic DCs and
antigen tolerance may reduce
proinflammatory T-cell responsest¥

Human samples support the presence of
immune-cell infiltration, chemokine signal
activation, and antigen presentation-
related changes in the pressure-
overloaded heart™

Evidence is mainly derived from mouse
models and may not fully represent the
long-term course of human
hypertension or aortic stenosis

This represents systemic
immunomodulation, and long-term use
may increase the risk of infection and
impaired immune surveillance

Human evidence is mostly correlative,
and mechanistic validation still relies
mainly on animal models

The dominant endogenous antigenic
repertoire remains unclear, which limits
the design of antigen-specific therapies

The functional division among DC
subsets remains unclear, and whether
fibroblasts can independently sustain
pathogenic T-cell responses has not yet
been determined

These approaches remain at an early
translational stage, and the timing of
administration, antigen selection, and
long-term safety have not yet been
clarified

Most evidence comes from cross-
sectional or end-stage samples, with
limited dynamic tracking and causal
validation

and fibrosis progression through cytokine production, local restimulation, and interactions with fibroblasts.
It should be emphasized that this axis is not the only mechanism explaining pressure overload-induced
cardiac remodeling. Macrophages, CD8" T cells, B cells, and ILCs may also participate in inflammatory
amplification and impaired repair at different stages. Current evidence still comes mainly from animal TAC
models, whereas human tissue data and longitudinal clinical evidence remain relatively limited. Future
studies should further define the dominant cardiac antigens, key DC subsets, T-cell clonal evolution, and
mechanisms of local antigen re-presentation. On this basis, the timing, safety window, and clinical feasibility
of costimulatory blockade, cytokine modulation, homing intervention, and immune-tolerance strategies
should be carefully evaluated.
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