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Myocardial infarction (MI) is a life-threatening disease with high morbidity and

mortality, closely associated with immune-inflammatory responses. As essential

pathways for immune cell clearance and interstitial fluid drainage, lymphatic

vessels are critical in regulating tissue fluid homeostasis and systemic immune

surveillance. Cardiac lymphatics interact with immune cells, directly and

indirectly, to mediate post-MI inflammation, participate in the clearance of

necrotic tissue, and contribute to cardiac remodeling. Studies indicate that

after MI, promoting cardiac lymphangiogenesis can accelerate the clearance of

infiltrated immune cells, reduce the production of pro-inflammatory cytokines,

improve myocardial edema, mitigate inflammatory responses and fibrosis, and

support recovery of cardiac function. Meanwhile, immune cells regulate the

structure and function of cardiac lymphatics, influencing lymphangiogenesis and

drainage efficiency. The interaction between cardiac lymphatics and immune

cells is crucial for myocardial repair post-MI. This review first systematically

summarizes the structure and function of cardiac lymphatics, then sorting the

relationship between cardiac lymphatics and immune cells and their roles in

myocardial repair after MI and finally proposes therapeutic strategies targeting

the interaction between cardiac lymphatics and immune cells in MI treatment, to

provide prospective insights for the prevention and treatment of MI in the future.
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1 Introduction

Acute myocardial infarction (AMI), or myocardial infarction

(MI), is the leading cause of death among cardiovascular diseases

and is characterized by necrosis of heart muscle tissue due to

prolonged ischemia and hypoxia of the coronary arteries (1).

AMI is one of the highest mortality diseases worldwide, with an

increasingly younger patient population posing a severe threat to

human health (2). According to the World Health Organization

(WHO), more than 23.3 million people will die from cardiovascular

disease by 2030 (3). In recent years, pharmacological thrombolysis,

coronary intervention, and coronary artery bypass grafting have

been effective in revascularizing occluded coronary arteries and

reducing early mortality from AMI (4). However, some patients

continue to experience adverse ventricular remodeling due to

extensive myocardial necrosis or impaired repair of infarcted

areas, leading to heart failure (HF) and, in severe cases, cardiac

rupture. Improving these patients’ prognoses remains a significant

clinical challenge (5). Studies have shown that MI is closely linked

to the immune-inflammatory response, with excessive infiltration of

immune cells at sites of myocardial injury exacerbating

inflammation, increasing infarct size, and, in severe cases, leading

to HF (6, 7). Therefore, inhibiting immune cell-mediated

inflammatory responses has become an essential strategy for

mitigating AMI-induced injury (8, 9).

The lymphatic system, an integral part of the circulatory system,

has garnered increased research attention in recent years with the

discovery of lymphatic markers and the advancement of lymphatic

functional imaging and quantification techniques. These

developments have highlighted the critical role of cardiac

lymphatics in the pathophysiology of heart disease (10, 11).

Unlike the closed, high-pressure, and circular nature of the

vascular system, the lymphatic system operates as an open, low-

pressure, unidirectional network that transfers extracellular fluid to

the venous system, playing an essential role in tissue fluid

homeostasis, lipid absorption from the digestive tract, and

systemic immune surveillance (12). Cardiac lymphatics are

e s sen t i a l fo r ca rd iac hea l th . Promot ion of ca rd iac

lymphangiogenesis can improve cardiac function following MI

(13), but insufficient lymphatic expansion contributes to the

development of HF after MI (13). Studies have shown that post-

MI lymphangiogenesis facilitates immune cell clearance, accelerates
Abbreviations: AMI, Acute myocardial infarction; WHO, World Health

Organization; LEC, lymphatic endothelial cells; PDPN, podoplanin; PROX1,

Prospero homeobox1; LYVE-1, lymphatic vessel endothelial receptor-1; LSMCs,

lymphatic smooth muscle cells; aSMA, a-smooth muscle actin; heart failure, HF;

DCs, dendritic cells; NE, neutrophil elastase; MPO, MMP9, matrix

metalloproteinase-9; myeloperoxidase; ROS, reactive oxygen species; NETs,

neutrophil extracellular traps; ECM, extracellular matrix; LVEF, left ventricular

ejection fraction; INOS, inducible nitric oxide synthase; TGF-b, transforming

growth factor-beta; TNF, tumor necrosis factor; Tregs, regulatory T cells; CCL2,

chemokine CC motif ligand 2; VEGF-C, vascular endothelial growth factor-C;

VEGFR-3, vascular endothelial growth factor receptor-3.
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the resolution of inflammation, aids in repairing infarct-induced

cardiac injury, and mitigates pathological ventricular remodeling

(14). Thus, enhancing therapeutic lymphangiogenesis has emerged

as a promising new strategy for treating MI. During MI, interactions

between cardiac lymphatics and immune cells significantly

influence each other.

On the one hand, lymphatics serve as pathways for the

clearance of immune cells and inflammatory mediators post-MI,

expediting the removal of inflammatory cells. Conversely, different

immune cell populations play distinct roles in promoting or

inhibiting lymphangiogenesis and lymphatic remodeling. The

cross-talk between cardiac lymphatics and immune cells is

essential for myocardial repair after MI, and understanding this

relationship is critical for deciphering the role of cardiac lymphatics

in post-MI inflammatory response and myocardial repair.

Summarizing the fundamental pathological changes in cardiac

and lymphatic systems post-MI can provide disease-specific

therapeutic strategies. Moreover, understanding the regulatory

mechanisms of cardiac lymphangiogenesis and the effects of

immune cells on lymphangiogenesis and myocardial repair could

identify improved therapeutic targets for the condition. This paper

provides a comprehensive overview of these topics to deepen our

understanding of how the lymphatic system influences disease

progression after MI. Additionally, it offers new insights into the

interactions between immune cells and cardiac lymphatics in

myocardial repair following injury, paving the way for effective

clinical strategies to stimulate cardiac lymphangiogenesis for

treating heart disease.
2 Cardiac lymphatics

2.1 Structure of cardiac lymphatics

The lymphatic system, a vital immune defense network within

the human body, is widespread and involved in immune responses

and tissue homeostasis. Lymphatic vessels are an essential

component of this system, consisting mainly of capillary

lymphatics and collecting lymphatics (15), each with distinct

morphology, cellular structures, and functions (Figure 1) (16).

Capillary lymphatics, the starting points of the lymphatic

network, reside within tissue interstitial spaces and begin as

enlarged blind-ended vessels. Their walls are formed by

overlapping oak-leaf-shaped monolayers of lymphatic endothelial

cells (LECs), which express surface markers specific to lymphatics,

such as Podoplanin (PDPN), Prospero homeobox 1 (PROX1), and

Lymphatic vessel endothelial receptor-1 (LYVE-1) (17). The LECs

are loosely arranged with significant intercellular gaps, forming

“overlapping” or “button-like” connections, and are often absent of

a continuous basement membrane. Capillary lymphatics lack

smooth muscle cells or pericyte coverage but feature thin

anchoring filaments attached to the vessel walls and surrounding

extracellular matrix. These filaments maintain vessel openness

during increased interstitial pressure (18, 19) and prevent

capillary collapse (20).
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In contrast to capillary lymphatics, collecting lymphatics exhibit

“zipper-like” tight junctions between LECs, and their walls are

covered by lymphatic smooth muscle cells (LSMCs) that express a-
smooth muscle actin (aSMA), which imparts contractile capability,

along with a continuous basement membrane (21) valves within the

lumens of collecting lymphatics create a “pump-like” structure,

ensuring lymph flows in a unidirectional manner (22). Unlike the

cardiovascular system, the lymphatic system lacks a central pump.

Instead, lymph flow relies on alternating contraction and relaxation

of LSMCs, propelling lymph fluid through valves to reach upstream

lymph nodes and ultimately return to the venous system (23, 24).

Additionally, these vessels interact with capillaries to facilitate

antigen presentation and immune cell transport.
2.2 Function of cardiac lymphatics

The lymphatic system, an integral component of the circulatory

system, connects with blood vessels, forming a refined vascular
Frontiers in Immunology 03
network throughout the human body and closely linking with

microcirculation (25). Lymphatic vessels play critical roles in

reverse cholesterol transport, immune cell clearance, and

interstitial fluid drainage, critical for maintaining tissue fluid

homeostasis, lipid absorption in the digestive tract, and systemic

immune surveillance (12). In the heart, the lymphatic system uses

capillary lymphatics to expel excess interstitial fluid, absorb

extravasated cells and macromolecules, and transport them

unidirectionally via collecting lymphatics to draining lymph

nodes, the thoracic duct, and the inferior vena cava, ultimately

returning tissue fluid to the bloodstream—one of its essential

physiological functions (15). The function of lymphatic vessels is

mainta ined primari ly through the act iv i ty of LECs.

Lymphangiogenesis, or lymphatic vessel formation, is a critical

process in maintaining the typical structure and function of the

lymphatic network in physiological and pathological states. This

process involves LECs’migration, proliferation, and tube formation

(26). Under normal physiological conditions, LECs are relatively

quiescent. However, chemokines in pathological states such as
FIGURE 1

Structure and function of cardiac lymphatic vessels. The structure of cardiac lymphatic vessels is composed of capillary lymphatics and collecting
lymphatics. Capillary lymphatics are lined with a single layer of continuous lymphatic endothelial cells (LECs), which are connected by “button-like”
junctions and have high permeability. Collecting lymphatics are formed by the convergence of capillary lymphatics, with thin walls and larger
diameters, and the cells are connected in a “zipper-like” fashion, preventing the permeation of fluids and cells. Within the collecting lymphatics,
there are semilunar valves that prevent lymphatic backflow and are a primary marker of the transition from capillary lymphatics to collecting
lymphatics. When there is a pressure difference across the vasculature or/and the stretching force of the extracellular matrix (ECM) on LECs, the
permeability of capillary lymphatics increases, allowing fluids, lipids, and large molecules to enter the capillary lymphatics, while also preventing
these factors from reflowing.
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chronic inflammation and lymphedema prompt LECs to migrate to

local tissues, where they proliferate under the influence of growth

factors to form new lymphatic vessels. Functional lymphatic vessels

provide an efficient pathway to drain excess interstitial fluid,

immune cells, inflammatory cells, and mediators caused by

inflammation, thereby reducing interstitial edema and vascular

inflammation (27).

Conversely, inadequate lymphatic drainage can result in

interstitial lymphedema, where impaired lymphatic return and

forward propulsion lead to excessive fluid accumulation,

triggering immune cell infiltration and inflammatory cascades

and exacerbating endothelial dysfunction induced by immune

inflammation (28). Therefore, the lymphatic network is essential

for maintaining tissue fluid balance and immune surveillance (29).

The heart, an organ prone to autoimmunity, contains a complex

lymphatic network that collects macromolecules, proteins,

electrolytes, and fluids from the interstitial space. It returns them

to circulation, regulating tissue pressure and preventing edema (30).

Numerous studies of both domestic and international indicate a

strong correlation between cardiac lymphatic development or

dysfunction and the progression of MI (14). Insufficient

lymphangiogenesis or impaired lymphatic drainage compromises

myocardial repair following MI (14).
3 Changes in cardiac lymphatics
after MI

In adults, lymphatic vessels are typically quiescent under

physiological conditions but can be reactivated under pathological

conditions (10). Post- MI lymphangiogenesis is linked to increased

immune cell infiltration, driven by pro-apoptotic signals released by

damaged cells, cellular debris, and cytokines from adjacent cells

(31). After MI, capillary lymphangiogenesis increases within the

myocardium while the epicardial collecting and conduit lymphatics

decrease. This reduces lymphatic transport capacity, negatively

affecting fluid and inflammation clearance in infarcted and non-

infarcted regions, thus exacerbating cardiac dysfunction (14).

Clinically, myocardial edema has been observed to extend beyond

the infarcted area following MI, indicating lymphatic dysfunction.

In a study by Orianne Henri et al. (14), a rat MI model was

established via ligation of the left anterior descending coronary

artery. Their observations revealed nearly complete loss of

lymphatic vessels in the infarcted area and pathological

remodeling of lymphatic vessels in the non-infarcted regions.

While MI significantly induced initial cardiac lymphangiogenesis,

the epicardial pre-collecting and collecting lymphatics remained

sparse and poorly remodeled, leading to impaired cardiac lymphatic

transport. This dysfunction contributed to chronic myocardial

edema, inflammation, increased fibrosis, and worsened cardiac

function. Injection of recombinant human VEGF-C protein into

infarcted myocardial areas has been shown to stimulate significant

capillary lymphangiogenesis, reduce pathologically remodeled
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collecting lymphatic vessels, enhance overall lymphatic transport

capacity, relieve myocardial edema, decrease fibrosis, and improve

cardiac ejection function (10, 14). However, as noted earlier, the

functional integrity of newly formed lymphatic vessels may not

match that of pre-MI cardiac lymphatics. Moreover, studies in mice

and zebrafish reveal early lymphatic dilation and increased

lymphatic density shortly after MI (32). Changes of cardiac

lymphatic vessels after myocardial infarction is shown in Figure 2.
4 The Role of immune cells in
inflammatory response and
myocardial repair post-MI

Inflammation is closely associated with the onset and

progression of MI. After MI, necrotic and apoptotic

cardiomyocytes activate damage-associated molecular patterns

(DAMPs), releasing various cytokines and chemokines that

recruit and activate diverse immune cells, contributing to

myocardial repair post-MI (33). Various immune cells, cytokines,

and chemokines regulate the inflammatory response and repair

following MI. After MI, the body initiates a series of primary and

adaptive immune-inflammatory responses and subsequent repair

processes, the balance of which is critical for cardiac function

recovery and patient prognosis. Ischemia-induced cardiomyocyte

death in the infarcted region recruits and activates immune cells

(neutrophils, macrophages, mast cells, and monocytes), leading to

an inflammatory infiltration response (34), followed by collagen

deposition, extracellular matrix remodeling, and scar formation

(35). The role of immune cells in the initial pro-inflammatory and

subsequent anti-inflammatory phases post-MI is vital and closely

linked to the final infarct size and ventricular remodeling after MI; a

prolonged and intense pro-inflammatory response may lead to

adverse left ventricular remodeling and increased risk of HF (36).

The inflammatory response and myocardial repair after MI involve

multiple immune cells and proceed through three main phases: the

inflammatory phase, the proliferative phase, and the maturation

phase, each overlapping and progressively advancing (37). The

inflammatory phase is marked by the rapid influx of cytokines,

chemokines, and immune cells that clear damaged tissue; the

proliferative phase is characterized by myofibroblast proliferation

and collagen deposition to replace dead tissue, while collagen fiber

cross-linking and immune cell apoptosis signify the final

stabilization phase (38). During AMI, immune cell infiltration

acts as a double-edged sword. The cardiac immune response to

ischemic injury, marked by immune cell infiltration, involves not

only neutrophils, monocytes/macrophages, and dendritic cells

(DCs) but also B and T lymphocytes. These cells collaboratively

coordinate the clearance of dead cardiomyocytes, participate in

stabilizing and maturing scar tissue through granulation tissue

formation, and secrete pro-angiogenic, anti-apoptotic, and anti-

inflammatory mediators to regulate subsequent cardiac repair and

inflammation resolution (Figure 3) (39).
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4.1 Neutrophils

Neutrophils, the most abundant and rapidly responding innate

immune cells in the body, play dual roles in pro-inflammatory and

anti-inflammatory processes during the inflammatory phase

following AMI. In the early phase of AMI inflammation,

neutrophils infi l trate the infarct area, initiating local

inflammation. Necrotic cardiomyocytes release DAMPs, which

act as danger signals that bind to pattern recognition receptors on

the surface of neutrophils. This activates the MAPK pathway and

nuclear transcription factor NF-kB, inducing the production of

inflammatory cytokines, chemokines, and cell adhesion molecules

(primarily guided by NF-kB), which amplifies inflammation and

initiates the inflammatory cascade response (40, 41). Guided by

chemokines, integrins (CD11a/CD11b) and selectins (CD62L) on

neutrophil surfaces bind tightly with intercellular adhesion

molecules (ICAM)-1/ICAM-2 on endothelial cells. This facilitates

neutrophil migration, recruiting large numbers of neutrophils to the

infarct area. These neutrophils release matrix metalloproteinases
Frontiers in Immunology 05
and neutrophil elastase (NE), engulfing and clearing dead

cardiomyocytes and matrix debris, thus promoting injury repair

in the infarct zone (42). However, this clearance also leads to further

damage. When neutrophil activity is prolonged, and phagocytosis is

enhanced, activated neutrophils release complement proteins,

matrix metalloproteinase-9 (MMP-9), myeloperoxidase (MPO),

and NE through degranulation, producing large amounts of

reactive oxygen species (ROS) and forming neutrophil

extracellular traps (NETs), which induce cardiomyocyte necrosis

and extracellular matrix (ECM) degradation, resulting in

irreversible myocardial injury (42, 43). NETs, web-like structures

released by neutrophils, mainly comprise DNA and histones with

various granule proteins attached, including NE, MPO, cathepsin G,

and leukocyte proteinase 3 (44). During acute myocardial

infarction, excessive release of NETs amplifies the inflammatory

response, leading to tissue damage and adverse cardiovascular

events such as ventricular remodeling and arrhythmias (45).

Studies show that plasma levels of dsDNA (a NET marker) are

significantly elevated in AMI patients and positively correlate with
FIGURE 2

Changes of cardiac lymphatic vessels after MI. After MI, the lymphatic vessels in the infarcted area are almost completely absent, while the lymphatic
vessels in the non-infarcted areas undergo extensive remodeling. Although MI can significantly induce the formation of initial lymphatic vessels in
the heart, there is poor remodeling of epicardial pre-collecting and collecting lymphatic vessels, including sparse and atrophic lymphatic vessels in
the infarcted area, underdeveloped lymphatic vessels in the non-infarcted area, dysfunction of lymphatic valves, abnormal lymphatic vessel
proliferation, lymphatic vessel dilation, obstruction of capillary lymphatics, and collapse of capillary lymphatic walls with broken connections.
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infarct size (46). Pharmacological inhibition of Peptidyl arginine

deiminase-4 significantly reduces neutrophil recruitment to the

infarct area, suppresses inflammatory cytokine secretion, and

NETs release, mitigating cardiomyocyte apoptosis, thereby

decreasing infarct size and improving left ventricular ejection

fraction (LVEF), as well as cardiac structure and function (47).

Similarly, DNase I degradation of NETs increases myocardial

cell survival post-MI and improves left ventricular remodeling (48).

In vitro studies further confirm that NETs promote apoptosis in

neonatal rat cardiomyocytes, supporting NETs ’ role in

cardiomyocyte damage (49). Elevated NET levels following acute

MI can mediate cardiomyocyte damage and fibroblast activation,

exacerbating myocardial necrosis and fibrosis (50). Moreover,

research reports that during the acute inflammatory phase post-

MI, knocking down or pharmacologically inhibiting the expression

of the triggering receptor expressed on myeloid cells-1 on
Frontiers in Immunology 06
neutrophils can reduce early, short-term neutrophil infiltration,

thereby decreasing myocardial fibrosis and improving ventricular

function (51).
4.2 Monocytes/macrophages

Macrophages are critical immune cells in MI patients, playing

essential roles in cardiac function recovery across the stages of MI.

In the early phase after AMI, monocytes derived from the bone

marrow and spleen are rapidly recruited to the injured

myocardium, where they differentiate into macrophages under the

influence of chemokines. The monocyte/macrophage population is

instrumental in the inflammatory and reparative processes

following MI. Macrophages accumulate in large numbers in the

infarct zone, where they not only help clear necrotic cells and debris
FIGURE 3

The role of immune cells in inflammatory response and myocardial repair post-MI. Post-myocardial infarction inflammation and myocardial repair
involve multiple immune cells and are characterized by three main phases: inflammation phase, proliferation phase, and maturation phase. 1)
Inflammation Phase: This phase is marked by a rapid influx of cytokines, chemokines, and immune cells to clear damaged tissue. Myocardial cells
release Damage-Associated Molecular Patterns (DAMPs), activating the MAPK and NF-kB pathways, which induce inflammatory cytokines,
chemokines, and cell adhesion molecules to amplify inflammation and initiate an inflammatory cascade reaction. DAMPs bind to Pattern Recognition
Receptors (PRRs) on the surface of neutrophils, releasing Matrix Metalloproteinases (MMPs) to clear damaged myocardial cells and matrix debris. 2)
Proliferation Phase: This phase is characterized by the transduction of anti-inflammatory signals, proliferation of fibroblasts, angiogenesis, and scar
formation. M2 macrophages release anti-inflammatory factors to suppress the inflammatory response, reduce collagen deposition, and promote
angiogenesis. Mast cells promote angiogenesis and scar formation by releasing cytokines and also regulate atrial myocardial remodeling. Some
pericytes promote angiogenesis.3)Maturation Phase: This phase is characterized by the remodeling of the extracellular matrix, a significant decrease
in immune response, cross-linking of collagen fibers, and apoptosis of immune cells, leading to the formation of stable scar tissue, which promotes
cardiac regeneration and repair.
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but also secrete various cytokines and growth factors that affect

cardiomyocyte survival, proliferation, and differentiation (52). In

mice, monocytes are divided into Ly6Chigh and Ly6Clow, while

macrophages are categorized into two major subsets. Pro-

inflammatory M1 macrophages are involved in host defense,

upregulating inducible nitric oxide synthase (INOS) and

inflammatory factors such as Interleukins (IL), tumor necrosis

factor (TNF)-a, chemokines, and MMPs. They contribute to

inflammatory injury by enhancing phagocytosis and producing

ROS. Reparative M2 macrophages, on the other hand, upregulate

arginase-1 and anti-inflammatory factors, including VEGF and

transforming growth factor-beta (TGF-b) , promoting

inflammation resolution and tissue repair (53, 54). Studies

indicate that in the early stages post-MI, Ly6Chigh monocytes, and

M1 macrophages predominate in the infarcted myocardium. As

inflammation subsides in the later stages, there is a phenotypic shift

to Ly6Clow monocytes and M2 macrophages. These different

phenotypes play distinct and critical roles following MI (55, 56).
4.3 Lymphocytes

Clinical studies have shown that a reduced lymphocyte count is

independently associated with a higher incidence of mortality in

AMI patients. Activated regulatory T cells (Tregs) can inhibit

cardiac remodeling post-MI by inducing macrophage

differentiation into the M2 phenotype by upregulating arginase-1,

IL-13, osteopontin, and TGF-b expression (57). Conversely, Treg

depletion can accelerate dilation and exacerbate ventricular

remodeling following MI (58). There is also evidence suggesting

that myocardial injury can trigger the accumulation of B

lymphocytes. Yan et al. (59) first reported on the dynamic

changes in myocardial immune cells in mice following ischemic

injury. Their findings showed a marked increase in B lymphocytes

one day after MI, peaking at day 7, with elevated levels persisting

even at day 14 post-MI. Studies indicate that, following AMI,

mature B lymphocytes infiltrate the infarcted myocardium and

contribute to the inflammatory response by secreting chemokine

CC motif ligand 2 (CCL2) and CCL7. These chemokines, in turn,

induce Ly6Chigh monocytes to migrate from the bone marrow into

the infarcted myocardium, amplifying the inflammatory response,

exacerbating myocardial injury, and impairing cardiac

function (60).
4.4 Dendritic cells

As essential antigen-presenting cells, DCs regulate various

inflammatory cells involved in innate and adaptive immunity,

playing a crucial role in immune responses (61). DCs offer

protective effects during the inflammatory and subsequent healing

processes post-MI. In MI models with DCs depletion in mice, a

marked increase in Ly6Chigh monocytes and M1 macrophages

infiltrated both the infarcted and surrounding areas and a notable

decrease in Ly6Clow monocytes and M2 macrophages. The
Frontiers in Immunology 07
expression of inflammatory cytokines and MMP-9 is elevated,

while the expression of anti-inflammatory cytokine IL-10 drops

significantly. These findings suggest that DC depletion intensifies

the inflammatory response and extracellular matrix degradation by

activating inflammatory monocytes and M1 macrophages while

inhibiting anti-inflammatory monocytes and M2 macrophages,

thus delaying post-MI cardiac healing and worsening cardiac

function (62). Autopsy studies in ST-elevation MI patients have

shown that, in cases of cardiac rupture compared to non-rupture

cases, there is increased infiltration of CD68+ macrophages, with

reduced CD209+ and CD11c+ DCs infiltration and reparative

fibrosis, suggesting that a decrease in DCs alongside increased

macrophage infiltration impairs reparative fibrosis, raising the

risk of cardiac rupture post-MI. This indicates the protective role

of DCs in post-MI inflammation and subsequent healing

processes (63).

Immune cells play a crucial role in the early inflammatory

response and the later myocardial repair process following MI.

Targeting immune cell recruitment in the early phase of MI and

appropriately modulating the inflammatory response may help

selectively inhibit damage and promote repair, thereby improving

clinical outcomes (64, 65). Immunomodulation has emerged as a

promising therapeutic strategy.
5 Cardiac lymphangiogenesis
promotes myocardial repair after MI

The heart contains an extensive network of capillary

lymphatics, which drain lymph fluid via the subepicardial pre-

collecting lymphatic vessels to the aortic and paratracheal

mediastinal lymph nodes. This extensive lymphatic network is

essential for maintaining normal cardiac function and facilitating

myocardial healing after injury. In recent years, accumulating

evidence has highl ighted the crucial role of cardiac

lymphangiogenesis in repairing MI-induced cardiac damage. Poor

myocardial tissue repair following MI is a primary cause of chronic

HF and mortality, presenting significant clinical treatment

challenges. Cardiac lymphangiogenesis is a critical process in

heart repair, which can reduce myocardial damage, improve

cardiac function, and prevent HF post-MI (66). When

lymphangiogenesis is insufficient or maladaptive, lymphatic

transport dysfunction occurs, leading to chronic interstitial

edema, inflammatory response, and eventually interstitial fibrosis

(31). Studies have shown that inflammatory cells exudated after

myocardial infarction produce vascular endothelial growth factors

VEGF-C and VEGF-D, increasing VEGFR expression in nearby

lymphatics. This promotes lymphangiogenesis in the infarct border

and infarct zones, draining interstitial fluid and metabolic

byproducts of hypoxic tissue, thereby reducing cardiac edema and

improving heart function (32). During granulation tissue formation

post-MI, lymphatic vessels play a role by draining excess proteins

and fluids, aiding in fibrosis maturation and scar tissue formation,

and providing a suitable microenvironment for potential

myocardial regeneration (67). Animal studies indicate insufficient
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lymphatic drainage worsens myocardial edema and inflammation,

thereby exacerbating myocardial injury (68). Furthermore,

administering VEGF-C significantly promotes lymphangiogenesis

in the myocardium after MI in mice, markedly improving left

ventricular ejection fraction and cardiac function (69). LYVE-1 is a

specific lymphatic marker, and LYVE-1 knockout mice show

aggravated fibrosis and pathological ventricular remodeling after

MI, with progressively deteriorating cardiac function, underscoring

the critical role of lymphangiogenesis in post-MI cardiac function.

Myocardial fibrosis is the primary pathological process leading to

HF (70). Cardiac lymphangiogenesis regulates pathological

processes such as inflammation and edema, promoting the

clearance of inflammatory factors, relieving inflammation,

reducing edema, and inhibiting myocardial fibrosis (71). When

lymphangiogenesis is inadequate or maladaptive, lymphatic

transport dysfunction ensues, resulting in chronic interstitial

edema and inflammatory response, ultimately leading to

interstitial fibrosis (31).
6 Cross-talk between cardiac
lymphatics and immune cell regulates
cardiac recovery after MI

6.1 Cardiac lymphangiogenesis facilitates
immune cell clearance post-MI

The lymphatic system, a part of the circulatory system, plays an

integral role in fluid homeostasis and immune surveillance by

providing pathways for immune cell clearance and tissue fluid

drainage. The cardiac lymphatics maintain fluid balance, control

inflammation, and support myocardial repair through fibrotic or

regenerative responses (12). Dysfunction in lymphatic structure and

function post-AMI and impaired lymphatic drainage lead to the

buildup of inflammatory cytokines, immune cells, and tissue fluid,

contributing to myocardial edema and excessive inflammation,

thereby exacerbating myocardial damage and fibrosis (11).

Increased cardiac lymphatic density correlates with improved

cardiac function and enhanced lymphangiogenesis post-MI can

increase immune cell transport (69). When immune cell transport

and lymphatic clearance are impeded, viable myocardium suffers,

scar formation intensifies, and cardiac output declines significantly

(31). Studies have shown that following MI, circulating monocytes

and activated macrophages heavily infiltrate the heart, accompanied

by cardiac lymphangiogenesis. Newly formed lymphatic plexuses

display co-localization with immune cells (69). Macrophages and

dendritic cells adhere and transport via LYVE-1 receptors on

lymphatic endothelial cells, and MI models lacking LYVE-1

display significantly higher myeloid cell counts (31, 72). VEGF-C

intervention notably increases cardiac lymphangiogenesis while

reducing leukocyte infiltration, particularly myeloid cells,

demonstrating that post-MI cardiac lymphangiogenesis promotes

inflammatory cell clearance (14). Although lymphatic remodeling

occurs across the acute and chronic phases of ischemic heart

disease, the altered configuration of subepicardial collecting
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lymphatics may hinder therapeutic needs. Clinical studies indicate

that myocardial VEGF-C injection promotes capillary

lymphangiogenesis, reduces myeloid cell infiltration, maintains

the transport function of collecting lymphatics, reduces cardiac

edema and fibrosis, and ultimately improves cardiac function (14).

Cardiac lymphatics thus offer channels for immune cell drainage,

alleviating myocardial edema and supporting ventricular

remodeling, ultimately enhancing cardiac function. Targeting

cardiac lymphangiogenesis could be a preventive and therapeutic

strategy for cardiovascular diseases. Stimulating lymphangiogenesis

to facilitate inflammatory cell clearance is promising for AMI

treatment and may provide a novel approach to repair injured

myocardium post-MI.
6.2 Impact of immune cells on cardiac
lymphatic structure and function post-MI

The lymphatic system, an essential part of the body’s immune

defense, is intricately connected with blood vessels, forming a

complex network that plays roles in interstitial fluid drainage,

lipid absorption, and immune cell responses (25). The

relationship between cardiac lymphatics and immune cells is

mutually influential; cardiac lymphatics provide pathways for

immune cell and inflammatory cytokine clearance, while immune

cells promote or inhibit cardiac lymphatic endothelial cell growth

and survival, affecting lymphatic structure and function

(72) (Figure 4).

6.2.1 Neutrophil and cardiac lymphatics
The heart possesses an extensive lymphatic network. With each

cardiac contraction, extracellular fluid and wastes in the

myocardium are expelled and conveyed to the draining lymph

nodes around the aortic arch. During inflammation, infiltrating

neutrophils release enzymes (such as neutrophil elastase MPO) to

break down Emilin-1anchoring filaments, reducing their

attachment to the extracellular matrix and causing the lymphatic

vessels to collapse. This impairs lymphatic transport and

exacerbates myocardial edema (73). Studies have shown that

upregulating LYVE-1 can stimulate cardiac lymphangiogenesis

and effectively transport inflammatory cells to the mediastinal

lymph nodes. This improves the clearance rate of acute

inflammatory responses following myocardial infarction,

promoting myocardial tissue repair and improving cardiac

function. At the same time, LYVE-1 deficiency can inhibit

neutrophil translocation through lymphatic endothelium and

exacerbate chronic inflammation and long-term deterioration of

cardiac function (31).
6.2.2 Macrophages and cardiac lymphatics
Macrophages, as the main immune cells involved in the

inflammatory response to MI, are key effectors of inflammation

and innate immunity, and the immune-inflammatory response they

mediate is involved in the whole process of “damage-repair” of

cardiac tissues after MI (74). M2b macrophages, also known as
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regulatory macrophages, can repair the heart by directly inhibiting

the overproduction of proinflammatory cytokines by M1-type

macrophages. At the same time, the production of vascular

endothelial growth factor-C (VEGF-C) plays an important role in

cardiac lymphatic neovascularization and regulation of the immune

microenvironment (75). Wang et al. (76) found in an in vitro LECs

model that M2b macrophage cultures could upregulate vascular

endothelial growth factor receptor-3 (VEGFR-3) and VEGF-C

expression in LECs, stimulate cell migration and cell proliferation

of LECs, and increase the total length of the lymphatic vessels, the

length of the total branching, the number of the nodes and the

number of the nodal points; In an in vivo MI/RI rat model, cardiac

M2b macrophage transplantation upregulated VEGFR-3 and

VEGF-C expression, promoted lymphatic vessel neogenesis,

inhibited myocardial fibrosis, and improved cardiac function.
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Patricia et al. (77) found that cardiac macrophage efferocytosis

induces VEGFC release, and VEGF-C functions in a paracrine

fashion to the promotion of myocardial lymphangiogenesis and

modulate the presence of immune cells, such as myeloid cells

expressing low levels of MHCII and Tregs as well as in an

autocrine manner to dampen macrophage proinflammatory

cytokine production, thereby resolving inflammation and

promoting myocardial repair. In addition, VEGF-C production by

cardiac macrophages through cellular burial can directly inhibit

macrophage over-secretion of proinflammatory cytokines to

ameliorate myocardial injury and promote cardiac healing, in

addition to promoting cardiac lymphangiogenesis and performing

antigen clearance (78). Another study reported that the suppression

of PFKFB3 expression in macrophages could enhance the

generation of VEGF-C in macrophages and promote lymphatic
FIGURE 4

Cardiac lymphatics interact with immune cells in myocardial repair after Ml. Cardiac lymphatic vessels provide a conduit for the drainage of immune
cells and inflammatory factors, and in turn, immune cells exert either a promoting or inhibitory effect on the growth and survival of cardiac
lymphatic endothelial cells, influencing the structure and function of cardiac lymphatics. 1) During inflammation, neutrophils release enzymes (such
as neutrophil elastase MPO) that degrade Emilin-1 anchoring filaments, leading to impaired lymphatic transport and exacerbated myocardial edema;
2) Macrophages can differentiate into two subtypes: pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes. M1 macrophages secrete pro-
inflammatory factors such as inducible nitric oxide synthase (iNOS), tumor necrosis factor (TNF)-a, IL-1b, and IL-6, which exacerbate inflammation
and myocardial damage. M2 macrophages primarily secrete anti-inflammatory factors like TGF-b and IL-10, playing roles in anti-inflammation,
neovascularization, and tissue repair. 3) B lymphocytes present antigens to T cells and produce cytokines and chemokines, ultimately regulating the
function of other immune cells and potentially promoting the expression of myocardial type I and III collagen through cytokine secretion, impairing
left ventricular ejection fraction. 4) As central immunoregulators in innate and adaptive immunity, dendritic cells (DCs) play crucial roles in promoting
wound healing after myocardial infarction (MI). DCs can inhibit inflammation, thereby suppressing myocardial fibrosis and enhancing
cardiac function.
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neogenesis and the mitigation of the inflammatory response

following MI/RI.

6.2.3 Cardiac lymphatics and lymphocytes
B lymphocytes are one of the most abundant immune cells in

the organism. B lymphocytes provide antigens to T cells and

produce cytokines and chemokines, which ultimately regulate the

function of other immune cells. T cells are a significant population

of cells involved in cellular immunity and play an essential role in

the repair and regeneration of myocardial injuries. T cells negatively

regulate the production of lymphatic vessels, in which the type 1

helper T cells secrete a polytropic cytokine, g-interferon, which
plays a vital role in initiating cell-mediated adaptive immune

responses as well as regulating cell growth and differentiation

(79). Houssari et al (72) investigated the role of cardiac

recruitment of T cells in lymphatic remodeling after myocardial

infarction. They found that treatment with the VEGF-C/VEGF-D

trap (soluble VEGFR3) restricted the recruitment of T cells into the

infarcted area, resulting in reduced left ventricular wall thinning,

delayed scar remodeling, and reduced cardiac dysfunction after

myocardial infarction. Further studies confirmed the deleterious

effects of cardiac infiltrating T cells (including CD4+ and CD8+

subpopulations) on the cardiac lymphatic system after myocardial

infarction. They inhibited cardiac lymphovascular neogenesis in the

acute phase after myocardial infarction to a certain extent via IFN-g.
Mature B lymphocytes alter the recovery of cardiac function after

AMI in mice (80). It has been shown that activated B lymphocytes

are involved in the persistence of myocardial inflammation and

immune system activation after myocardial infarction. They may

impair left ventricular ejection function by secreting cytokines to

promote the expression of myocardial type I and type III

collagen (81).

6.2.4 Cardiac lymphatics and dendritic cells
As the central immunoregulators in innate and adaptive

immunity, DCs are crucial in promoting wound healing after MI

(37). Research reported that Mice depleted of DCs could cause a

severe inflammatory response and worse left ventricular remodeling

after MI (62).I In addition, exosomes derived from DCs could

migrate to lymphoid tissue and improve cardiac function after

myocardial infarction via activation of CD4+ T cells (82). Dendritic

cells are important cells involved in regulating lymphatic return

(83). In the inflammatory state, increased vascular permeability and

transmural blood flow enhance the expression and secretion of

CCL21 by lymphatic vessel endothelial cells, which promotes the

delivery of dendritic cells to lymph nodes (84). Within the lumen of

lymphatic capillaries, DCs crawl towards collecting vessels by

CCL21 chemokine gradients before falling into collecting vessels

where cells are passively transported by lymph flow (85). Increased

vascular permeability leads to fluid and protein influx into the

intercellular matrix, elevated interstitial fluid pressure, and

compensatory increase in lymphatic return (84, 86). Another

study showed that routine conditioned cultures of lymphatic

endothelial cells significantly inhibited the maturation of dendritic

cells, which may be a novel mechanism by which lymphatic
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endothelial cells regulate cellular immune responses and limit

inflammation (87). furthermore, DCs can lymphoangiogenesis

during inflammation and regulate lymphatic vessel integrity (85).
7 Treatment strategies for AMI

7.1 Regulation of immune inflammation

MI is closely related to the body’s immune-inflammatory

response. Acute myocardial ischemic episodes induce cellular

injury and death of cardiomyocytes, endothelial cells, fibroblasts,

and other cells, which initiate an acute pro-inflammatory response

through the synergistic action of several processes: complement

cascade activation, reactive oxygen species production, and

damage-related molecular patterns (88). Neutrophils are the

forerunners of the inflammatory response. In addition, a variety

of immune cells (e.g., macrophages, dendritic cells, lymphocytes,

eosinophils, etc.) are recruited to the damaged area through

multiple pathways to remove dead cardiomyocytes and stromal

remnants, secrete cytokines and growth factors, promote fibroblast

activation and proliferation, and regulate the wound healing

response and ventricular remodeling after myocardial infarction

(40). It has been found that AMI is often accompanied by immune

dysfunction, and immune dysfunction can also directly or indirectly

cause the expansion of MI area or complications (72). The immune

system plays a vital role in the post-MI process. Once an ischemic

injury occurs, a robust inflammatory cell infiltration is initiated in

the heart to remove the dead tissue (89). A growing body of

evidence suggests that timely resolution of the inflammatory

process may aid in preventing adverse cardiac remodeling and

HF (90). However, excessive or persistent inflammation can lead to

adverse left ventricle remodeling and the development of HF (91).

The promising therapeutic strategy of anti-inflammatory and

immunomodulatory therapies in MI patients during acute and

chronic cardiac injury phases (89).
7.2 Promote the regeneration of cardiac
lymphatics

Selective stimulation of cardiac lymphangiogenesis can help regulate

the myocardial inflammatory microenvironment after MI, promote

myocardial survival and recovery, improve myocardial fluid balance,

and reduce the occurrence of myocardial edema and fibrosis after injury

(14). One study reported that increased cardiac inflammation and

edema were found by blocking endogenous VEGF-C to inhibit

lymphangiogenesis. At the same time, VEGF-C treatment

significantly reduced inflammation and edema and improved cardiac

function, suggesting that modulation of endogenous lymphatic

neogenesis has a potential therapeutic role in myocardial injury (14).

A study on myocardial ischemia model mice, through the inhibition of

VEGF-C and VEGFR3 (92), found that the suppression of endogenous

lymphangiogenesis led to an increase in infarct scar size, ventricular

hypertrophy left ventricular dilatation, and a decrease in left ventricular
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function. In contrast, selective stimulation of cardiac

lymphangiogenesis, improved remodeling of collecting and collecting

lymphatics, and accelerated cardiac lymphatic transport capacity were

sufficient to attenuate myocardial edema, inflammation, and fibrosis

after myocardial infarction in rats, thereby reducing pathologic

remodeling, improving cardiac function, and partially preventing the

development of HF. In addition, cytokines secreted by LEC can promote

cardiomyocyte proliferation and survival, reduce cardiomyocyte

apoptosis, and protect the heart after myocardial infarction (93).

Hartikainen et al. (94), in their study on the mouse infarction model,

found that sustained VEGF-CC156 S treatment via adeno-associated

viral vectors effectively increased cardiac lymphangiogenesis and

reduced cardiac inflammation and dysfunction at 3 weeks after

myocardial infarction. Cardiac inflammation and dysfunction 3 weeks

after myocardial infarction. In recent years, many studies have been

done to improve lymphatic drainage in infarcted myocardium by

stimulating lymphatic vessel neogenesis. Wang et al. (95) observed an

increase in lymphatic vessels in the infarcted and infarct border areas

after epicardial transplantation of patches bearing bone marrow-derived

mesenchymal stem cells. Trincot et al. (96) found that adrenomedullin

produced by epicardium regulated lymphatic vessel neogenesis after

myocardial infarction and that over-expression of adrenomedullin was

associated with increased lymphatic vessel neogenesis after myocardial

infarction. Expression of adrenomedullin enhanced lymphatic vessel

neogenesis, reduced cardiac edema, and improved cardiac function.

Klotz et al. (69) observed enhanced lymphovascular neogenesis in

myocardial injury and significant improvement in cardiac function

after intraperitoneal injection of VEGF-C in mice. Henri et al. (14)

delivered VEGF-C with nanoparticles prepared from albumin and

alginate, which alleviated lymphovascular conformational changes,

reduced cardiac edema and inflammatory response, and enhanced

cardiac function after intramyocardial injection in rats. Vieiraet al

(31) reduced the acute inflammatory response after myocardial

infarction by inducing lymphovascular transport of immune cells to

mediastinal lymph nodes via intraperitoneal injection of VEGF-C in

mice. Lymphangiogenesis is an essential step in the process of

myocardial repair. In addition to its potential therapeutic value, the

role of lymphangiogenesis in providing a suitable microenvironment for

myocardial regeneration should not be underestimated, and

lymphangiogenesis will likely be a breakthrough in future myocardial

regeneration research.
7.3 Improve lymphatic drainage function

Lymphatic vessels are involved in fluid transport and play an

important role in fluid homeostasis. When lymphatic vessels are

insufficiently neoplastic or maladaptive, it leads to lymphatic

transport dysfunction, leading to chronic interstitial edema and

inflammatory response and triggering interstitial fibrosis. Animal

experiments have shown that insufficient lymphatic drainage worsens

myocardial edema and inflammation and aggravates myocardial injury

(68). In a rat model of MI caused by occlusion of the left anterior

descending branch of the coronary artery, the lymphatics in the
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infarcted area were almost absent. However, the lymphatics in the

non-infarcted area of the left ventricle were extensively remodeled.

Meanwhile, although myocardial infarction significantly

induced initial lymphangiogenesis in the heart, poor remodeling

of subepicardial pre-collecting and collecting lymphatics resulted in

decreased cardiac lymphatic transport capacity, which was

insufficient to maintain cardiac fluid homeostasis, thus promoting

the development of chronic myocardial edema and inflammation

and exacerbating myocardial fibrosis and cardiac dysfunction,

whereas, after VEGF treatment, the subepicardial pre-collecting

lymphatics in infarcted borderline regions and the collecting

lymphatic vessels were partially improved. Interstitial myocardial

edema was significantly reduced (14). The above studies suggest

that despite the endogenous lymphangiogenic response after

myocardial infarction, remodeling and dysfunction of collecting

duct lymph can still lead to a decrease in cardiac lymphatic

transport capacity, leading to chronic myocardial edema and

inflammation, aggravating myocardial fibrosis and causing cardiac

dysfunction. Therefore, improving lymphatic return function can

reduce interstitial edema and effectively discharge tissue metabolites

after hypoxia, thus improving post-infarction cardiac function. In

addition, during the formation of granulation tissue after

myocardial infarction, lymphatics participate in the maturation of

fibrosis and the formation of scar tissue by draining excess proteins

and fluids (67), providing a suitable microenvironment for possible

myocardial regeneration. Early studies of lymphatic vessel ligation-

induced chronic myocardial edema in dogs showed that lymphatic

vessel dysfunction leads to endocardial myocardial fibrosis and

endocardial fibroelastic degeneration.
8 Conclusion and perspectives

Lymphatic vessels and the immune system interact and

influence each other, and both play important roles in two

pathological stages: early inflammatory injury and late ventricular

remodeling after MI. Lymphatic vessels act as channels for immune

cell drainage and participate in the immune cell-mediated

inflammatory response after MI. Relevant studies have

demonstrated that enhanced cardiac lymphangiogenesis can

accelerate the removal of infiltrating immune cells, reduce the

production of pro-inflammatory cytokines, attenuate myocardial

edema, inflammatory response, and myocardial fibrosis, and

promote the recovery of damaged cardiac function (14). At the

same time, immune cells promote or inhibit the growth and survival

of cardiac lymphatic endothelial cells, affecting the structure and

function of cardiac lymphatic vessels. After myocardial infarction,

the cardiac lymphatic vascular system coordinates the immune

response and cardiac remodeling process, especially macrophages,

which regulate the immune response and cardiac repair after MI

through lymphatic transport in the damaged heart. Inadequate or

dysfunctional lymphangiogenesis plays a vital role in myocardial

remodeling and cardiac dysfunction in MI and nonischemic heart

disease. Targeted immunomodulation through modulation of
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lymphangiogenesis and lymphatic endothelial cell secretion is of

great clinical value for treating myocardial injury.

Currently, questions regarding the response and function of

cardiac lymphatics in the disease environment need to be further

investigated and translated to provide effective therapeutic strategies

so that targeted modulation of cardiac lymphangiogenesis to improve

fluid homeostasis, modulation of the immune response, and

downstream fibrosis can be an effective strategy to promote cardiac

repair. The lymphatic system’s immune cells and immune factors are

involved in and regulate myocardial injury, neovascularization, and

ventricular remodeling after myocardial infarction at multiple levels.

Lymphatic vessel neovascularization and pooled lymphatic vessel

remodeling are crucial to ensure lymphatic return and prevent

excessive inflammatory response; therefore, targeting the lymphatic

system/immune cell axis may provide a new research direction for

comprehensive treatment after myocardial infarction. Further study

is needed better to integrate lymphatic drainage and immune

response after myocardial infarction.
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