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Abstract

Cardiac lymphangiogenesis plays an important physiological role in the regulation of interstitial fluid homeostasis, inflam-

matory, and immune responses. Impaired or excessive cardiac lymphatic remodeling and insufficient lymph drainage have 

been implicated in several cardiovascular diseases including atherosclerosis and myocardial infarction (MI). Although the 

molecular mechanisms underlying the regulation of functional lymphatics are not fully understood, the interplay between 

lymphangiogenesis and immune regulation has recently been explored in relation to the initiation and development of these 

diseases. In this field, experimental therapeutic strategies targeting lymphangiogenesis have shown promise by reducing 

myocardial inflammation, edema and fibrosis, and improving cardiac function. On the other hand, however, whether lym-

phangiogenesis is beneficial or detrimental to cardiac transplant survival remains controversial. In the light of recent evidence, 

cardiac lymphangiogenesis, a thriving and challenging field has been summarized and discussed, which may improve our 

knowledge in the pathogenesis of cardiovascular diseases and transplant biology.
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Introduction

The lymphatic system is required for the maintenance of 

tissue homeostasis by returning extracellular fluids, mac-

romolecules, and immune cells from peripheral tissues to 

the draining lymph nodes (LNs), and finally back to the 

blood circulation. Lymphangiogenesis is involved in many 

pathological processes, e.g., inflammation, wound healing, 

lymphedema, and tumor metastasis, acting as a channel for 

transporting signaling molecules and immune cells between 

injured tissues and regional LNs [1–5]. In recent years, 

great advances in cardiac lymphangiogenesis have been 

made to elucidate the molecular and pathological mecha-

nisms using both the zebrafish and mouse models, which 

provide an experiment platform to investigate lymphatic-

related cardiovascular diseases [6–8]. Cardiac studies based 

on state-of-the-art imaging technologies and genetic models 

have focused on lymphatic endothelial cells (LECs) in more 

detail, revealing tissue-specific heterogeneity in origin, func-

tion, and response to injury [9–11]. A recent study has high-

lighted the importance of LECs and LEC-specific matrix 

molecule, REELIN during heart growth and repair, and pro-

vided valuable ideas about possible paths to improve cardiac 

regeneration and cardio-protection in mammals [12]. The 

important findings suggest that the use of REELIN could be 

a valuable therapeutic approach to improve cardiac function 

in humans [12]. Moreover, a growing body of evidence indi-

cates that lymphangiogenesis is an active participant in the 

pathogenesis of atherosclerosis and myocardial infarction 

(MI) [13–15]. Vascular endothelial growth factor C (VEGF-

C) and its receptor VEGFR-3 facilitate lymphangiogenesis 

and lymphatic function, which may provide a pathway for 

inflammatory cell efflux, favoring the resolution of cardiac 

edema and wound healing within the injured heart [16].

Targeting lymphangiogenesis as a potential strategy to 

prevent or treat some cardiovascular diseases has become a 

remarkable research topic in recent years. However, insuf-

ficient or maladaptive cardiac lymphatic remodeling has 

been considered to cause impaired lymph transport capac-

ity and accumulation of protein-rich fluid, contributing to 

chronic myocardial inflammation and edema, which triggers 
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development of interstitial fibrosis [17]. In this field, it 

remains to be further clarified: (1) how cardiac lymphangi-

ogenesis affects the healing process of the injured heart 

like MI; (2) why the insufficient or defective lymphangi-

ogenesis contributes to myocardial edema and fibrosis; 

(3) how the complex interplay between lymphangiogen-

esis and immune response modulates cardiac function and 

homeostasis. Finally, it remains unclear and controversial 

whether and how increased lymphangiogenesis improves 

lymph drainage function and affects transplant rejection. 

The alloimmune response resulting from the interaction of 

innate and adaptive immunity may be detrimental to cardiac 

allografts and heart transplant recipients [18, 19]. For this 

reason, VEGFR-3 inhibition could be used as lymphatic-

targeted immunomodulatory therapy to prevent acute and 

chronic rejection in cardiac allografts [20]. Reduction of 

lymphangiogenesis has been reported to protect allogenic 

heart transplants and beyond [19, 21]. Therefore, it is 

important to understand the diversity and complexity of the 

interplay between lymphangiogenesis and transplantation 

immunology.

In this context, the present review has mainly summa-

rized the advancement of lymphangiogenesis in prevalent 

cardiovascular diseases and beyond, based on animal disease 

models and clinicopathological studies, which may provide 

information about the outcomes of future clinical trials in 

this field.

Morphological and pathological 
characteristics of the cardiac lymphatics

Cardiac lymphatics play an important role in maintaining 

tissue fluid balance and immune surveillance, which are 

implicated in cardiovascular diseases. The cardiac lym-

phatic networks are generally distributed in all the three lay-

ers, subendocardial, myocardial, and subepicardial, in which 

the subendocardial layer contains fewer initial lymphatics as 

compared to subepicardium in mammalian including human 

[22]. Moreover, intramyocardial lymphatics in mice are fewer 

in comparison with an abundant subepicardial lymphatic net-

work [23], and cardiac lymph flow begins from small sub-

endocardial lymphatics and continues through myocardium 

into subepicardial capillaries that converge into larger col-

lecting lymphatics [24]. The intramyocardial lymphatics in 

rats also drain toward the subepicardial network composed 

of blind-ended capillaries, larger pre-collecting, and valved 

collecting lymphatics [25]. Generally, initial lymphatics are 

mainly surrounding myocardial fibers but fewer than the 

blood capillaries, whereas irregular collecting lymphatics 

can be clearly identified in perimysial connective tissues of 

the heart accompanying blood vessels (Fig. 1). In addition, 

the newly formed lymphatics have a definite endothelial lin-

ing with simple intercellular junctions (Fig. 2). In peripheral 

tissues, the initial lymphatics are consisting of a single layer 

of LECs, with overlapping, interdigitating and open intercel-

lular junctions, but the collecting lymphatics with intralumi-

nal valves possess a smooth muscle cell layer and basement 

membrane [26].

The embryological origin and development of the cardiac 

lymphatics have provided some important implications on how 

to address cardiovascular fluid homeostasis, injury-induced 

inflammation, and healing process. The study of embryonic 

lymphangiogenesis in mice has indicated that the cardiac LECs 

expressing VEGFR-3, prospero homeobox-1 (Prox-1), and lym-

phatic vessel endothelial hyaluronan receptor-1 (LYVE-1) have 

a heterogeneous cellular origin derived from the common cardi-

nal vein and second heart field. The mouse cardiac lymphatics 

begin to develop from around mid-gestation, at approximately 

embryonic day 12.5 (E12.5) and become evident at around 

E14.5. As development progresses, an extensive lymphatic 

network expands over both the dorsal and ventral surfaces, and 

into the myocardium to form a lymphatic network during late 

embryonic and postnatal stages [7, 27–29]. In most mamma-

lian species, initial lymphatics cover the subendocardium and 

myocardium, and atrioventricular valves [22]. Increased lym-

phatic network in cardiac valves, interestingly, may contribute 

to resolving infective endocarditis in patients [30].

Studies on animal models by blocking cardiac lymph flow 

or accelerating plaque formation are available to understand 

the importance of lymphangiogenesis in MI and atheroscle-

rosis [11, 31]. Lymphangiogenesis has provided a route for 

improving clearance of immune cells and cardiac repair 

process in MI. The adult heart undergoes significant lym-

phangiogenesis following initiation of a developmental pro-

gram in response to ischemic injury. In comparison with a 

remarkable increase in the branching of surface VEGFR-3+ 

lymphatics, and alignment of Prox-1+ lymphatic sprouting 

with  Emcn+ veins at day 7 following injury, a prominent spa-

tiotemporal change in the lymphatic response occurs from 

days 7 to 35 post-MI [7]. Functional post-embryonic VEGF-

C signaling in adult zebrafish is critical for the outgrowth 

of cardiac lymphatics along the ventricular arteries. The 

presence of necrotic tissue and scar formation in a cardiac 

cryoinjury model promotes ventricular lymphangiogenesis 

due to increased VEGF-C levels [8].

During heart growth and repair, the interplay of LECs 

and some other signal molecules, e.g., the integrin-linked 

kinase (ILK) has provided more information about possible 

pathways for linking to cardiovascular development and 

diseases. ILK via controlling the interaction of VEGFR-3 

with integrin-β1 regulates LEC proliferation and prevents 

lymphatic overgrowth during mouse embryonic develop-

ment. ILK knockout mice have shown to increase cardiac 

lymphangiogenesis in post-MI recovery period [32]. In a 
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mouse model with permanent coronary artery ligation, the 

phenotypically heterogeneous podoplanin-expressing cell 

populations are likely involved in lymphatic growth and 

fibrogenic response to infarcted myocardium [33].

Cardiac lymphatics may undergo significant remod-

eling including deformed initial and collecting lymphatics, 

closely relating to the pathological process of atherosclero-

sis, MI, and heart transplantation. Therefore, the possible 

Fig. 1  Lymphatics of cardiac 

muscles in C57BL/6 J mice. 

Immunofluorescence stain-

ing with the lymphatic vessel 

endothelial hyaluronan receptor 

1 (LYVE-1, green) for lym-

phatics, CD31 (red) for blood 

vessels, and 4′,6-diamidino-

2-phenylindole dihydrochloride 

(DAPI, blue) for nuclear coun-

terstaining in the cardiac muscle 

(A ~ H). Initial lymphatics are 

mainly surrounding myocardial 

fibers, and fewer than the blood 

capillaries (A ~ D). Moreover, 

the relationship between irregu-

lar collecting lymphatics and 

blood vessels is clearly identi-

fied in perimysial connective 

tissues of the heart (E ~ H)
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Fig. 2  Transmission electron 

micrographs (TEM) of the 

intermuscular lymphangiomas in 

the diaphragm of BALB/c mice. 

Near abdominal muscular fibers 

of the diaphragm, the endothe-

lial cells are decorated with 

LYVE-1 and 5′-nucleotidase 

(5′-Nase)-cerium reactive pre-

cipitates (A–C) to confirm new 

formation of initial lymphatics. 

The developmental lymphatic 

structures have a definite 

endothelial lining with simple 

intercellular junctions (B, C, 

arrows). Lv lymphatic vessels, 

Bv blood vessels
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involvement of lymphangiogenesis will be emphasized in the 

following sections in order to provide the necessary informa-

tion for future potential therapeutic application.

Lymphangiogenesis in cardiovascular 
diseases

Atherosclerosis

Atherosclerosis is a progressive disease characterized by 

formation of plaques on the inner walls of arteries consist-

ing of extracellular lipid, cholesterol crystals, inflammatory 

cells, and necrotic debris [34]. The accumulation of arterial 

cholesterol is the most common phenotype in atherosclero-

sis [35]. Lymphatic dysfunction in the arterial wall, either 

duo to surgical ligation or removal of collecting lymphatics, 

and even congenital lymphatic insufficiency or malforma-

tion will greatly impair reverse cholesterol transport (RCT) 

and stimulate atherosclerotic lesion formation [36, 37]. RCT 

is defined as the process for the removal and transport of 

excess cholesterol from peripheral tissues to the liver via 

plasma for excretion. RCT is initiated from cellular cho-

lesterol efflux facilitated by lipid-free apolipoprotein A1 

(ApoA1) or other high-density lipoprotein (HDL) particles 

within the interstitial space where extracellular choles-

terol is picked up and transported through the lymphatics 

before entering the circulation [38]. In human and mouse 

atherosclerotic plaques of coronary and carotid arteries, a 

functional lymphatic network is present in the adventitia, 

where lymphatic expansion and increased lymphatic vessel 

density (LVD) have been found to be consistent with the 

lesion severity [30, 39, 40]. Induction of lymphangiogenesis 

by injection of VEGF-C, the ligand for VEGFR-3, into the 

mouse footpad leads to increased RCT and decreased choles-

terol content in the plaque [41]. Moreover, stimulating lym-

phangiogenesis with VEGF-CC152S promotes early rescue of 

lymphatic function for limiting macrophage accumulation, 

and increasing immune cell migration through the lymphat-

ics, and consequently restraining plaque development in 

low density lipoprotein (LDL) receptor knockout  (Ldlr−/−) 

mice [42]. Macrophage RCT from advanced atherosclerotic 

lesions in  Apoe–/– mice can be impaired by anti-VEGFR-3 

mAb that attenuates lymphatic growth and induces a defect 

in the absorption of lymph from peripheral tissues [43].

Recently, particular attention has been paid to RCT and 

atherosclerosis development, as well as their relation with 

arterial lymphatic drainage. However, the role of organ-

specific lymphatics in modulating HDL transport and 

composition is incompletely understood [44]. Especially, 

the lymphatic origin and flow vary among tissues, e.g., 

lymphatic drainage in the skin, intestine, liver and peri-

toneal cavity, which may further reflect the importance of 

lymphatics in RCT and atherosclerosis. Lipid loading of 

macrophages and their transformation into foam cells is 

considered a decisive process in the formation and develop-

ment of atherosclerotic lesions within the peritoneal cav-

ity [45]. Preferential uptake into the lymphatics is highly 

dependent on the physicochemical properties of the par-

ticles, including size, molecular weight, surface charge, 

and lipophilicity [46]. Initial lymphatics draining the peri-

toneal submesothelial layer have favorable absorption of 

lipophilic and unionized compounds [47]. The study by 

using nonfasted rats has demonstrated that the lipoproteins 

in lymph are organ specific in composition, and the intes-

tine and liver appear to be the main source of HDL that is 

modified during transport from the mesenteric and hepatic 

lymphatics to the thoracic duct [44]. The lymph lipopro-

tein remodeling may indicate an alteration of its biological 

properties and potentially impact on the development of 

atherosclerosis. Moreover, a substantial fraction of ApoA1 

is continually found in the skin, the largest organ of the 

body, and thus the skin is a key player in the HDL cycle 

regardless of how lipoproteins are transported from arteries 

[36]. Indeed, skin lymphatics participate critically in RCT 

from peripheral tissues, where macrophage RCT is espe-

cially relevant. The experiments have shown that genetic 

ablation of lymphatics in Chy mice carrying 1 mutant allele 

of VEGFR-3 disrupts RCT from the skin, whereas inter-

estingly, anti-VEGFR-3 mAb treatment does not lead to 

impaired dermal lymphatic transport [43], suggesting that 

lymphatic transport function differs according to the nature 

of intervention of lymphangiogenesis.

Lymphangiogenesis is thought to be involved in the devel-

opment and pathogenesis of lymphatic-related disorders as 

a consequence of recruitment of activated immune cells, 

e.g., macrophages, T and B cells, mast cells, and dendritic 

cells (DCs). These cells regulate inflammation resolution 

and subsequent repair process by secreting prolymphangi-

ogenic factors and anti-inflammatory mediators [48–52]. In 

atherosclerosis, lymphangiogenic areas are morphologically 

rich in scattered calcium deposits and cholesterol crystals 

and characterized by low or no cellular infiltrates [30]. Insuf-

ficient lymphangiogenesis might contribute to formation of 

atherosclerotic lesions in large arteries owing to accumu-

lation of lipid and activated immune cells [53]. Continu-

ous recruitment of monocytes into plaques, in particularly, 

drives the progression of the chronic inflammatory condition 

that is sustained, at least in part, by undesirable immunity 

against cholesterol-associated apolipoproteins [54–56]. A 

recent study has shown that CD36 deletion in mice and its 

siRNA-mediated knockdown in LECs can prevent oxidized 

LDL (oxLDL)-induced inhibition of lymphangiogenesis, 

which suggests that blockade of CD36 signaling of human 

LECs may promote adventitial lymphangiogenesis, lead-

ing to increased removal of arterial cholesterol and delayed 
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atherosclerotic development [57]. In another murine model 

of atherosclerosis, either blockage of lymph drainage or 

inhibition of VEGFR-3-dependent lymphangiogenesis will 

result in increased  CD3+ T cell density in plaque intima 

and adventitia, and deteriorate atherosclerosis, indicating 

that lymphangiogenesis is responsible for T cell drainage 

from the lesion [40]. Presumably, adventitial lymphatics are 

much required to inhibit the development of atherosclerosis 

and promote plaque regression. Lymphangiogenesis is 

favorable for facilitating cholesterol clearance and delay-

ing atherosclerotic plaque formation depending on various 

cellular and molecular components, e.g., macrophages, the 

leucine-rich repeat-containing G protein-coupled receptor 

4 (LGR4), and the chemokine (C-X-C motif) ligand 12/

receptor 4 (CXCL12/CXCR4) (Table 1). Concerning pro-

tection against atherosclerosis, it should be considered how 

Table 1  Lymphangiogenesis in atherosclerosis

α-SMA alpha-smooth muscle actin, eNOS endothelial nitric oxide synthase, FOXC-2 Forkhead Box C2, i.p. intraperitoneal injection, i.v. intrave-

nous injection, oxLDL oxidized low-density lipoprotein, SR-BI scavenger receptor class B type I

Animals/human Main targets (cytokine/chemokine/growth factor) 

and others

Lymphangiogenic properties and lymphatic features References

Human tissue

ApoE−/− mice

Plaque tissue (carotid artery)

AAV-hVEGFR3-Ig, i.v

Transfection with CXCL12-specific siRNA

The dissection of LNs and lymphatics deteriorates 

atherosclerotic development by promoting T cell 

accumulation

Inhibition of lymphangiogenesis increases plaque T 

cell content

CXCL12/CXCR4 axis is associated with mouse 

plaque lymphangiogenesis and human plaque 

LVD

[40]

ApoE−/−, Ldlr−/− mice 

SR-BI+/− mice

Lymphatic functional assessment (Evans blue dye)

LYVE-1, α-SMA, podoplanin

Lymphatic structure and function are restored by 

reducing hypercholesterolemia

Lymph drainage is required for SR-BI-mediated 

HDL cholesterol transport

VEGF-C may improve lymph transport and attenuate 

peripheral lipid accumulation

[41]

Ldlr−/− mice VEGF-C 152S, i.p

VEGFR-3, FOXC-2

VEGF-C limits plaque formation for improving 

lymph transport and inflammatory cell migration

via upregulated VEGFR-3 and FOXC-2 expression 

in LECs

[42]

Apoa1 transgenic mice

Chy mutant mice

Lymphatic separation

Anti-VEGFR3 mAb, i.p

podoplanin, LYVE-1

Surgical ablation of lymphatics blocks RCT without 

impairing cholesterol efflux from macrophages

Genetic ablation of lymphatics disrupts RCT 

RCT from atherosclerotic aorta is impaired by anti-

VEGFR-3 mAb inhibiting lymphatic growth

[43]

Human tissue

CD36−/− mice

Atherosclerotic tissue (aortic and coronary artery)

In vivo lymphangiogenesis assay

LYVE-1, eNOS, AKT, CD36, oxLDL, β-tubulin

oxLDL levels are increased in human atherosclerotic 

arteries

oxLDL inhibits lymphangiogenesis and expression 

of AKT and eNOS in LECs

CD36 silencing rescues inhibitory effects of oxLDL 

on cell cycle

[57]

Apoe−/− mice

Ldlr−/− mice

Aortic lymphatic ligation

VEGFC-156S, i.p

LYVE-1, CD68, VEGFR-3, Prox-1, podoplanin, 

CD11c, IL-1β, IL-6, TNF-α

Expansion of adventitial lymphatics is associated 

with plaque progression

Reduced lymphangiogenesis is associated with 

plaque regression

Impaired lymph drainage or lymphostasis induced 

by lymphatic ligation promotes atherosclerotic 

development

[58]

Human tissue

ApoE−/− mice

Atherosclerotic tissue (aortic and coronary artery)

Blockade of LGR4-mediated signaling

LGR4 gene silencing

LYVE-1, RSPO2, VEGF-C, eNOS, AKT, VEGFR-

3, Ki67,

RSPO2 levels are elevated in human and mouse 

atherosclerotic arteries

RSPO2 inhibits lymphangiogenesis via LGR4-

mediated signaling and hinders VEGF-C-stimulated 

AKT and eNOS activation in LECs

Blockade of RSPO2-LGR4 signaling attenuates 

atherosclerosis

Inhibition of LGR4-mediated signaling increases 

LVD and arterial efflux of cholesterol

[59]
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lymphangiogenesis targeting the arterial wall reduces lipid 

accumulation and subsequent inflammatory response, espe-

cially in humans.

Although the relationship between aortic atherosclerosis 

and hypertension has not been determined in the general 

population, the high blood pressure is assumed to be asso-

ciated with complex atherosclerosis [60]. Recent research 

has implicated the role of lymphatics in the regulation of 

blood pressure and pathogenesis of hypertension. In salt-

sensitive hypertension, a high-salt diet (HSD) in rats leads 

to interstitial hypertonic sodium accumulation with sub-

sequent dermal lymphangiogenesis, suggesting that the 

tonicity-responsive enhancer binding protein (TonEBP)-

VEGF-C signaling in macrophages and dendritic cells is a 

major determinant of extracellular volume and blood pres-

sure homeostasis [61]. The mouse model of salt-sensitive 

hypertension has shown that renal lymphatics play a key 

role in immune cell trafficking and blood pressure regula-

tion [62]. Enhanced lymphatics may aid in the clearance of 

interstitial immune cells, as evidenced by reduced accumu-

lation of renal  CD11c+F4/80− monocytes. Increased renal 

LVD is supposed to prevent angiotensin II-induced hyper-

tension [63]. VEGF-C administration in salt-treated mice 

has enhanced renal and skin lymphangiogenesis, and attenu-

ated renal injury [64]. Recently, VEGF-Cc156s has been 

shown to prevent angiotensin II-induced cardiac dysfunc-

tion by improving cardiac lymphatic function, alleviating 

inflammation and fibrosis, and ameliorating arterial hyper-

tension in mouse models [65]. The immune cell accumula-

tion and interstitial fluid retention are considered to be risk 

factors for inducing hypertension in this field [66]. Thus, 

lymphangiogenesis is also an essential factor for improving 

blood pressure and reducing atherosclerosis risk.

Furthermore, sex differences in the physiology and patho-

physiology, and even the signaling pathways of endothelial 

cells may have a potential impact on cardiovascular diseases, 

e.g., atherosclerosis and hypertension [67, 68]. In spite of 

their importance, however, there are very few data concern-

ing the sex difference in LEC function and lymphangiogen-

esis. Previous study has shown that cardiomyocyte-specific 

estrogen receptor alpha (ERα) increases lymphangiogenesis 

and reduces fibrosis in the female mouse heart after MI [69], 

indicating that involvement of ERα in the enhancement of 

lymphangiogenesis may protect female cardiomyocytes from 

the sequelae of ischemia and contribute to the attenuation 

of cardiac remodeling. During hypertension, sex differences 

have been noted in renal immune cell infiltration and regula-

tion of lymphatic responses. An increased pressor response 

to angiotensin II in males is associated with greater T-cell 

infiltration in the kidney [70]. Recent study has demon-

strated that female mice with angiotensin II-induced hyper-

tension show increased renal LVD, exhibiting differences 

in immune activation, inflammatory, and hormonal milieu. 

Females have attenuated renal T-cell accumulation and have 

been partially protected from the prohypertensive effects of 

T cells. VEGF-C expression in the female kidney has been 

increased in response to angiotensin II infusion [63]. In the 

case, genetic intervention of renal LVD may help to prevent 

the development of angiotensin II-induced hypertension. 

Moreover, sex-dependent differences have been identified 

in lymphatic numbers regardless of genotype, featured with 

more cardiac lymphatics in female mice. The female mice 

overexpressing adrenomedullin (Admhi/hi) have significantly 

more cardiac lymphatics than their wild type counterparts 

[71]. These findings have also suggested that innate differ-

ences between the sexes may impact the lymphangiogenic 

repair process for preserving cardiac function and reducing 

edema after heart injury.

MI

MI, a life-threatening condition, occurs due to occlusion 

of the coronary artery, leading to transmural myocardial 

ischemia, injury, and even necrosis. The ischemia induces 

profound metabolic and ionic perturbations in the affected 

myocardium and causes rapid depression of systolic func-

tion, which further contributes to a wavefront phenomenon 

of cardiomyocyte death from subendocardium to subepicar-

dium [72]. Increased microvascular permeability resulting 

from myocardial injury is an early event in the deterioration 

of myocardial vascular integrity. As a result, excessive fluid 

accumulates in the interstitial space of the heart, leading 

to acute myocardial edema [73]. Moreover, MI triggers a 

robust inflammatory response featured by the coordinated 

mobilization of different mononuclear phagocytes, which aid 

in scavenging dead cardiomyocytes and degrading released 

macromolecules for promoting granulation tissue formation 

and remodeling [56, 74].

VEGF-C/VEGFR-3 signaling as a key regulator of LEC 

proliferation, migration, and survival is involved in cardiac 

lymphangiogenesis and healing process. In the acute phase 

of MI, lymphatic dilation occurs, correlating with edema 

and immune cell infiltration [23]. VEGF-C secreted by the 

proinflammatory macrophages drives lymphangiogenesis 

and extensive remodeling of the cardiac lymphatic network 

to maintain immune cell homeostasis and effective tissue 

repair during the post-MI healing process in mice [7, 25]. 

Increased LVD has modulating effects on immune response 

and activity of the inflammatory process [75]. Lymphangi-

ogenesis in MI appears to be beneficial in resolution of 

inflammation and edema by increasing the clearance of 

fluid and immune cells as well as inflammatory mediators 

from the injured heart to draining LNs [76]. In a rat car-

diac ischemia–reperfusion model, VEGF-C protects heart 

from injury by inhibiting cardiomyocyte apoptosis [77]. 

In a mouse model, VEGFR‐3 knockdown impairs cardiac 
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lymphangiogenesis, leading to cardiac edema after long‐
term pressure overload [78], suggesting that VEGF-C/

VEGFR-3 axis protects against pressure-overload induced 

cardiac dysfunction through regulation of lymphangiogen-

esis. Also, the blockage of VEGF-C signaling by soluble 

VEGFR-3 (sVEGFR-3) results in impaired morphology of 

cardiac lymphatics, increased lymphatic leakage, and raised 

MI-induced mortality in mice [24].

Lymphangiogenesis may reduce pathological remodeling 

and enhance functional recovery of the heart. Cardiac lym-

phangiogenesis occurs both in the infarcted and surrounding 

non-infarcted regions in mammalian models and humans. 

Circulating immune cells including activated macrophages 

undertake extensive phagocytic activity in the infarcted 

region [79]. Several studies have suggested that enhancing 

lymphangiogenesis following MI significantly improves 

myocardial function and reduces scar formation. Intersti-

tial fluid accumulation has an impact on the organization of 

extracellular matrix (ECM) components in the heart, includ-

ing fibronectin that signals to LECs via β1 integrins directly 

associating with VEGFR-3 to amplify VEGF-C signaling 

[17, 32]. Connective tissue growth factor (CTGF), a matri-

cellular protein, is dispensable during cardiac injury and 

fibrosis, while inhibiting CTGF in activated fibroblasts is 

sufficient to abrogate the fibrotic response to angiotensin II 

[80]. Histopathological observation of human MI tissue with 

D2-40 immunostaining has suggested that newly formed 

lymphatics may be involved mainly in the maturation of 

fibrosis and scar formation through the drainage of excessive 

proteins and fluid [81]. It should be noted however that the 

links between interstitial fluid accumulation and functional 

lymphangiogenesis is complicated, depending on the local 

microenvironment.

Lymphangiogenesis, an essential element for cardiac 

homeostasis, may play a central role in facilitating repair 

of cardiac tissues following MI. The induction of VEGFR-3 

signaling pathway as a potential target for promoting lym-

phangiogenesis and modulating immune response has been 

shown to be efficacious after MI in experimental animal 

models. The critical role of lymphangiogenesis in cardiac 

remodeling, fibrosis, and regeneration may suggest attractive 

therapeutic targets for MI (Table 2).

Lymphangiogenesis and immune regulation 
in cardiovascular diseases

Recent studies have shown that lymphangiogenesis and 

immune cell trafficking play a crucial role in some cardio-

vascular diseases, e.g., atherosclerosis and MI. The interplay 

between cardiac lymphangiogenesis and immune response 

to ischemic injury is a complicated sequential process. 

Lymphatic function and remodeling could be impacted by 

proinflammatory mediators [84, 85], or by different cell 

populations characterized by infiltrating immune cells like 

macrophages, DCs, B and T cells [51, 86, 87]. The poten-

tial understanding of immune cells in the regulation of lym-

phangiogenesis and lymphatic function will help to alleviate 

myocardial edema and inflammation process.

In the cardiac ischemic injury, recruited inflammatory 

cells including neutrophils and monocytes/macrophages 

phagocytose dead cells and tissue debris, in which inflam-

matory mediators are released to stimulate the regenerative 

process and induce cardiac remodeling and fibrosis, leading 

to a dramatic degradation of function [88, 89]. Although MI 

has induced robust intramyocardial lymphangiogenesis in rat 

models by occlusion/ligation of the coronary artery, adverse 

remodeling and dysfunction of collecting lymphatics result in 

expansion of the subepicardial lymphatic network and reduced 

lymph transport capacity [25]. Myocardial edema and inad-

equate immune response triggered by certain factors released 

by immune cells including macrophages may have increased 

collagen synthesis by fibroblasts leading to fibrosis develop-

ment [90]. Genetic deletion of transient receptor potential 

vanilloid 4 (TRPV4) channels attenuates TGF-β1-induced 

differentiation in cardiac fibroblasts and protects heart from 

MI-induced adverse remodeling [91]. In adult rodents, endog-

enous lymphangiogenesis in response to cardiac injury seems 

to be insufficient to clear interstitial fluid and immune cell 

accumulation, and thus a drug-mediated manipulation of the 

lymphatic response could help to modulate the inflammatory 

content in the myocardium and promote both myocardial sur-

vival and restoration [11].

Following MI, the innate immune system directs the 

phagocytosis of cellular debris for stimulating cell repopu-

lation and tissue renewal. The persistent influx of immune 

cells, coupled with the lack of an inherent regenerative 

capacity, may cause cardiac fibrosis in the mammalian 

adult heart. In  Lyve1−/− mutant mice, impaired immune 

cell uptake and clearance have resulted in a progressive 

deterioration in heart function, accompanied by elevated 

pathological remodeling and fibrosis [79]. The immune 

cells contribute to lymphatic remodeling and dysfunction 

by stimulating or inhibiting lymphangiogenesis linking to 

cardiovascular diseases. MI causes a unique reaction of the 

innate immune system in which neutrophils influx into the 

injury site attracted by apoptotic signals released by dying 

cells, especially, neutrophil recruitment into reactive LNs 

plays a role in programming adaptive immunity [16]. Neu-

trophils expressing programmed death-ligand-1 (PD-L1), 

arginase-1 (ARG-1) and CD10 have been reported to pos-

sess potent immunosuppressive activity [92]. Macrophages 

as an important component of the innate immune system, 

are not only involved in tissue inflammation and repair, 

but also support organogenesis during heart development. 

Cardiac lymphatics respond to MI by re-activating gene 
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Table 2  Lymphangiogenesis in myocardial infarction (MI)

Animals/human Main targets (cytokine/chemokine/growth factor) 

and others

Lymphangiogenic properties and lymphatic 

features

References

C57BL/6 mice  Vegfr3LacZ/+ 

mice Prox-1 fl/+ mice

LAD ligation

VEGF-C-Cys(156)Ser, i.p

VEGFR-3, Prox-1, LYVE-1, podoplanin, GFP

Cardiac lymphatics emerge at E12.5 from 

extra-cardiac regions

Lymphatics of neonatal hearts form an extensive 

branched network

VEGF-C enhances cardiac lymphangiogenic 

response to promote functional improvement 

in MI

[7]

Zebrafish lines

cxcr4a mutant zebrafish

Cryoinjury or resection (ventricle apex)

fli1a:GFP, flt4:mCitrine, prox1:Gal4-UAS:RFP, 

lyve1:RFP

The presence of necrotic tissue and scar formation 

promotes lymphangiogenesis after cardiac injury

Cardiac lymphatics functionally support the 

heart during regeneration and homeostasis

Cardiac lymphangiogenesis requires VEGF-C 

signaling and helps reduce scar volume in 

response to cryoinjury

[8]

Prox-1-deficient mice

Reln-deficient mice

Reln+/− mice

Integrin β1f/f mice

LAD ligation

LYVE-1, Reelin, Prox1, α-SMA, Ki67

LEC-derived Reelin promotes cardiomyocyte 

proliferation and survival through integrin-β1 

signaling

Embryos that lack Reelin-producing LECs 

develop smaller hearts as a consequence of 

reduced cardiomyocyte proliferation and 

increased cardiomyocyte apoptosis

Cardiomyocyte culture with LEC-conditioned 

medium indicates that LECs produce 

lymphoangiocrine signals for controlling 

cardiomyocyte homeostasis

Reelin re-expression in lymphatics of the injured 

neonatal heart improves cardiac regeneration 

and function in MI

Reelin improves cardiac function and reduces 

scar formation after adult MI

[12]

MHC class II-deficient mice

Wistar rats

rhVEGF-CC156S, sVEGFR-3-IgG construct, i.p

LYVE-1, F4-80, CD11b, CD68, VE-cadherin

Sustained VEGF-C delivery is required for 

therapeutic lymphangiogenesis

Lymphangiogenesis limits cardiac inflammation 

and dysfunction

sVEGFR-3 limits T-cell levels and reduces 

deleterious cardiac remodeling by inhibiting 

lymphangiogenesis

CD4+ and  CD8+ T cells suppress cardiac 

lymphangiogenesis in MI

[13]

Apelin-KO mice

C57BL/6 J mice

LAD ligation, lymphography

LYVE-1, podoplanin, VE-cadherin

Chronic myocardial ischemia induces pathological 

lymphatic remodeling and dysfunction

Apelin deficiency promotes VEGF-C expression 

and lymphangiogenesis in MI

Lack of apelin exacerbates a proinflammatory 

response and worsens lymphatic abnormality 

in MI

[23]

sVEGFR-3 mice

Chy mice

LAD ligation

LYVE-1, Prox-1, F4/80, CD45, α-SMA

sVEGFR-3 mice display intramyocardial 

hemorrhages in the infarcted areas and higher 

mortality in MI

VEGFR-3 downregulation alters cardiac lymphatic 

morphology with a reduced capability to respond 

to lymphangiogenic signals

[24]

Wistar rats LAD ligation or occlusion, lymphangiography

VEGF-CC152S, i.m

LYVE-1, podoplanin, Prox-1, VEGFR-3, 

CCL21

Cardiac lymphatic remodeling decreases lymph 

transport in MI

Targeted delivery of VEGF-CC152S stimulates 

cardiac lymphangiogenesis, improves myocardial 

fluid balance,

and attenuates cardiac inflammation, fibrosis 

(interstitial collagen density) and dysfunction

[25]
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expression program for lymphangiogenesis, stimulation 

of this process enhances resolution of macrophage-driven 

inflammation and promotes tissue repair [79]. M1 mac-

rophages characterized by the inflammatory phenotype 

produce cytokines such as interleukin (IL)-1β, IL-6, and 

tumor necrosis factor (TNF)-α, while alternatively acti-

vated M2 macrophages are anti-inflammatory and may 

activate fibroblasts, induce cell proliferation, collagen 

deposition, and angiogenesis [93–95]. In peripheral tis-

sues, antigen‐bearing DCs and macrophages enter local 

lymphatics via endothelial junctions and continue to travel 

to regional LNs [96]. Tissue-resident macrophages are 

involved in regulating the growth, patterning, and expan-

sion during cardiac lymphatic formation. The distribution 

and prevalence of resident macrophages in the subepicar-

dial compartment of the developing heart coincides with 

the emergence of lymphangiogenesis, closely interacting 

with the nascent initial lymphatics [29]. Moreover, MI 

is associated with the increase of conventional DCs and 

monocyte-derived  CD64+  CD11c+ major histocompat-

ibility complex (MHC)  II+ DCs in the heart. DCs in the 

ischemic heart are activated and loaded with self-antigen, 

licensing DCs for efficient autoreactive T cell activation, 

suggesting that prevention of DC maturation and self-

antigen presentation could limit the onset of pathological 

cardiac autoimmunity following mouse MI [97]. During 

MI, proinflammatory milieu creates conditions favorable 

for activation of autoreactive clones of T cells, which may 

trigger autoimmune destruction of the myocardial tissue 

[98]. T cells may participate in microvascular obstruction 

during ischemia–reperfusion injury (IRI), release inflam-

matory cytokines and increase cellular infiltration, even 

further leading to the aggravation of myocardial injury 

[99]. The presence of  CD4+ T cells that can be activated 

by autoantigens presented by MHC class II molecules is 

a prerequisite for proper cardiac healing, because absence 

of  CD4+ T cells is associated with poorer outcome in CD4 

deficient and MHC class II-deficient mice [95, 100].

Atherosclerosis is driven by the accumulation of immune 

cells and cholesterol in the arterial wall. Within the plaque, 

many processes occur for striking a delicate balance between 

immune and inflammatory responses, especially through the 

activation of Toll-like receptor 7 (TLR7). TLR7 stimula-

tion can ameliorate atherosclerotic lesion burden and reduce 

GFP green fluorescent protein, i.m. intramyocardial, i.p. intraperitoneal injection, LAD left descending artery, Nab neutralizing antibody, 

rhVEGF-CC156S recombinant human VEGF-CC156S protein, sVEGFR-3-IgG soluble VEGFR-3-immunoglobulin

Table 2  (continued)

Animals/human Main targets (cytokine/chemokine/growth factor) 

and others

Lymphangiogenic properties and lymphatic 

features

References

Admhi/hi mice

Cx43fl/fl mice

Vegfr3-CreERT2 mice

LAD ligation, microlymphography

LYVE-1

AM drives cardiac lymphangiogenesis in MI

AM overexpression reduces edema and 

improves cardiac function in MI

Connexin 43 deletion results in defective 

permeability and function of lymphatics

[71]

Lyve1–/–, hCD68-EGFP mice

R26RtdTomato mice

Myh6-Cre/Esr1 mice

LAD ligation or occlusion, Evans Blue dye

LYVE-1, CD68, CD45, CD11b, F4/80, CD11c, 

CCL21, Prox-1, VEGFR-3

VEGF-C-driven cardiac lymphangiogenesis 

increases clearance of immune cells

LYVE-1 is required for immune cell clearance 

to mediastinal LNs

Disruption of LYVE-1-dependent clearance of 

immune cells via lymphatics is detrimental to 

cardiac function in MI

[79]

C57BL/6 J mice LAD ligation or occlusion, lymphatic flow

VEGF‐CCys156Ser, VEGFR-3 inhibitor 

(MAZ‐51), VEGF-C NAb, i.m

LYVE-1, TNF‐α, IL‐1β, IL‐6

Myocardial IRI stimulates endogenous 

lymphangiogenesis

Enhancing endogenous lymphangiogenesis 

attenuates ischemic-induced heart failure

MAZ‐51 and VEGF‐C NAb impair endogenous 

lymphangiogenesis and exacerbate heart 

failure

[82]

Human tissue

ApoE−/− mice

Sema3e−/− and Plxnd1−/− mice

Whole-mount confocal images

Wound healing assay

Prox-1, VEGFR-3, LYVE-1, VEGF-C, Sema3E, 

PlexinD1

Sema3E-PlexinD1 contributes to cardiac 

lymphatic development, and induces 

repulsion and cytoskeletal collapse of LECs

Disruption of Sema3E-PlexinD1 leads to cardiac 

lymphatic malformation

Inhibition of Sema3E-PlexinD1 stimulates 

lymphangiogenesis and improves cardiac 

function after MI

[83]
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plasma cholesterol in  Apoe−/− mice, associating with an 

atheroprotective B cell and Treg response [101]. Both B 

and T cell populations are important players with regard to 

the adaptive immune response in atherosclerosis. Lymphatic 

dysfunction appears to have a systemic effect on B cell hom-

ing and to impair lipoprotein metabolism for promoting ath-

erosclerosis [102, 103]. Recent studies using  Apoe−/− mouse 

models have shown that resident cell interaction with LECs 

and innate lymphoid cells, especially immune cells including 

macrophages, T and B cells appears crucial at the early stage 

of atherosclerosis [104]. The follicular regulatory helper T 

cells, as a key regulator of atherosclerosis, induce expansion 

of anti-atherogenic regulatory B cell populations, and regu-

late lymphangiogenesis through IL-4 secretion in advanced 

atherosclerosis [103]. LECs are essential for regulating the 

trafficking of DCs and macrophages, and activated T cell 

migratory egress. LECs of the LNs can efficiently scavenge 

and present peripheral antigens on MHCI to induce tolerance 

by specific deletion of autoreactive  CD8+ T cells, and phago-

cytose and process exogenous antigen and cross-present it 

to naïve  CD8+ T cells. Moreover, DCs migrating to the 

draining LNs within Clever-1-positive lymphatics experi-

ence immunosuppressive interaction with LECs [105]. Early 

atherosclerotic plaque formation is associated to collecting 

lymphatic dysfunction to propel lymph forward in a non-

specific cholesterol- but LDL-cholesterol receptor (LDLR)-

dependent manner [106]. Besides, arterial lymphatics are 

necessary to remove cholesterol via high-density lipoprotein 

(HDL)-mediated RCT and egress of inflammatory cells from 

the atherosclerotic wall [43, 58]. Therefore, it still remains 

unknown as to how lymphangiogenesis plays a role in the 

pathophysiological progression of atherosclerosis, especially 

in macrophage RCT and immune cell trafficking.

Lymphangiogenesis and heart 
transplantation

Fundamental research into the molecular mechanism under-

lying biological functions of VEGF-C and VEGF-D has been 

central to identifying the potential role of lymphangiogenic 

factors during inflammation and wound healing. Lymphangi-

ogenesis is involved in the clearance of inflammatory cells 

from the injured tissues, which is a vital step in the resolu-

tion of inflammation and prevention of fibrotic remodeling 

[107]. However, whether lymphangiogenesis is beneficial or 

detrimental to graft survival is not clear [108]. Lymphangi-

ogenesis has been proposed to facilitate chronic rejection of 

transplanted tissue in a range of clinical settings [109]. As 

a risk factor for graft rejection, it contributes to induction 

of long-term tolerance to the allograft and chronic alloim-

mune response by promoting escape of antigen-presenting 

cells (APCs) to regional LNs and enhancing allosensitization 

[110]. Increased lymphatics may enhance antigen presenta-

tion and subsequent adaptive immune response for induc-

ing organ rejection, but decreased lymphatics may result 

in edema followed by acute organ rejection in many cases 

[111].

During organ transplantation, fine lymphatics are not 

adapted for surgical anastomosis, lymph drainage has been 

suggested to be dependent on newly formed or at least newly 

connected structures [112]. An immune response is trig-

gered when the trafficking of APCs has been facilitated via 

functional lymphatics to the draining LNs, whereas lym-

phangiogenesis seems to be involved in maintenance of a 

detrimental alloreactive immune response. The priming of 

the alloimmune response may coincide with the transplant 

period when lymphatics are anastomosed between donor 

and recipient [113]. In addition, cardiac lymphatic remod-

eling may be an important factor affecting cardiac allograft 

vasculopathy (CAV) and rejection responses besides acute 

allograft dysfunction [114]. In human kidney transplants, 

lymphangiogenesis has been shown to be associated with 

immunologically active lymphocytic infiltrates. The nodular 

infiltrates have the potential to launch and perpetuate spe-

cific immune responses to graft alloantigens and thus could 

contribute to recurrent episodes of acute rejection [115]. In 

human cardiac allograft biopsy, the subendocardial inflam-

matory infiltrate is of recipient origin showing significant 

lymphangiogenesis [112]. In the context, serum level of 

VEGF-C may associate with risk of adverse events for pro-

viding useful information after heart transplantation [116].

Chronic rejection in allograft recipients is associated 

with cardiac lymphangiogenesis, which is probably an 

important factor in promoting cellular trafficking, alloim-

munity, and CAV. Interplay of innate and adaptive immu-

nity after heart transplantation, may result in alloimmune 

response detrimental to cardiac allografts and transplant 

recipients. Inhibition of lymphangiogenesis treated with 

adenoviral VEGFR-3-Ig protects allogeneic cardiac allo-

grafts against rejection by limiting lymphatic activation 

and transport of activated APCs [20]. VEGF-C/VEGFR-3 

signaling may participate in immune cell traffic from 

peripheral tissues to secondary lymphoid organs by reduc-

ing CCL21 production and  CD8+ effector cell entry in the 

allograft [20], suggesting VEGFR-3 inhibition could be 

used as a lymphatic targeted immunomodulatory therapy 

to regulate alloimmune activation and to improve cardiac 

survival. During cardiac allograft IRI in rats, stimula-

tion of VEGF-C/VEGFR-3 axis results in early lymphatic 

activation and later increases in allograft inflammation. 

However, inhibition of the signaling pathway decreases 

early lymphatic activation with subsequent attenuation of 

acute and chronic inflammatory response, and rejection 

of the allograft through affecting both innate and adap-

tive immune responses [19]. Moreover, in rat tracheal 
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transplantation, inhibition of VEGF-C activity with 

AdVEGFR-3-Ig has been shown to limit adaptive immune 

responses and reduce graft rejection [117]. In a mouse 

corneal allotransplantation model, soluble VEGFR-3 

suppresses both lymphangiogenesis and immune rejec-

tion to enhance allograft survival [118]. In the model of 

islet allotransplantation, lymphangiogenesis occurs in islet 

allografts and draining LNs, and interference of lymphatic 

function using diverse inhibitors FTY720, sunitinib and 

anti-VEGFR-3 mAbs has led to inhibition of lymphangi-

ogenesis and prolonged allograft survival [119].

Allografts introduce genetically different tissues to the 

recipient, which typically cause T cell mediated immune 

response leading to rejection and destruction of the trans-

plant [120]. The interaction between LECs and APCs can be 

altered by different inflammatory and lymphangiogenic fac-

tors, which may actively influence the function of immune 

cells [121]. LECs can suppress T cell responses directly 

by presenting antigen in tolerogenic fashion or indirectly 

by inhibiting the maturation of DCs [122]. VEGF-trap has 

significantly inhibited immune cell infiltration including 

macrophages and  CD3+ T cells, and improved long-term 

graft survival in high-risk corneal transplantation. Also, anti-

VEGF-C and sVEGFR-3 significantly decreased graft lym-

phangiogenesis and lymphoid Th1 cell frequencies [123]. 

Following transplantation of a minor antigen (HY) gender-

mismatched mouse cardiac graft, the enhanced lymphatic 

flow index (LFI) was found to be correlated with an increase 

in LVD, lymphatic area, and inflammatory infiltration of 

 CD4+,  CD8+ T cells, and  CD68+ macrophages [108]. In 

the heterotopically transplanted rat heart, chronic rejection 

increases VEGF-C+ inflammatory cells and LYVE-1+ LVD, 

whereas chronic allograft inflammation is a potent stimu-

lus for myocardial lymphangiogenesis via highly expressed 

VEGF-C mainly derived from macrophages and  CD4+ T 

cells [20]. In a mouse heart transplantation model, the tar-

geted delivery of microparticles containing tacrolimus, a T 

cell-specific calcineurin inhibitor, to the draining LNs of 

recipients has greatly prolonged allograft survival [124]. 

Therefore, increased evidence may provide a lymphatic 

delivery platform for understanding the crosstalk between 

cellular stress and inflammation, and between innate and 

adaptive immunity. The evaluation of the occurrence and 

time course of lymphangiogenesis after organ transplanta-

tion will help to improve graft survival in animal models 

[110].

Lymphangiogenesis in allografts however is not neces-

sarily harmful and may in fact promote the resolution of 

inflammation. Unlike the case for hearts, islets, and corneas, 

lymphatic migration of APCs from pulmonary grafts to the 

periphery is not critical for graft rejection [18, 125, 126]. 

Lymphatic drainage from bronchus-associated lymphoid tis-

sue in tolerant lung allografts promotes peripheral tolerance, 

and the survival of heart allografts is just dependent on the 

drainage from the lung allograft to the periphery [126]. 

Induction of lymphangiogenesis with VEGF-C156S has been 

shown to mitigate acute rejection of mouse lung allografts, 

which is supposed to be associated with augmented hyaluro-

nan clearance [127]. Clearly, the role of lymphangiogenesis 

on allograft rejection addressed here is deeply challenging, 

especially the contribution of LECs and draining LNs to 

transplant immunology remains controversial and limited. 

Table 3 has summarized the properties of LECs from avail-

able publications on heart transplantation. It can be proposed 

that lymphangiogenesis may constitute an important bridge 

for understanding the interrelation between lymphatic biol-

ogy and transplant outcomes (Table 3).

Prospective therapeutic strategies targeting 
lymphangiogenesis in cardiovascular 
diseases

Modulation of lymphangiogenesis has recently emerged as a 

new platform for investigating therapeutic strategies in car-

diovascular diseases. Lymph transport capacity in MI and 

atherosclerosis has not been sufficient to control excessive 

leakage of fluid and proteins to the interstitial tissue due 

to vascular hyperpermeability. Myocardial injury initiates a 

robust immune response, characterized by sequential mobi-

lization of monocytes in cardiac healing [74]. In particu-

lar, lymphangiogenesis in inflammatory settings promotes 

macrophage mobilization and facilitates the resolution of 

insufficient cardiac lymph drainage [3, 87]. Impaired cardiac 

lymphatics however lead to myocardial edema and delayed 

immune responses, which in turn may have further negative 

impact on cardiac structure and function.

Recent studies have shown that selective regulation of 

cardiac lymphangiogenesis should be focused on resolv-

ing edema formation, inflammatory cell accumulation and 

fibrosis [78, 128]. So far, VEGF-C/VEGFR-3 has been con-

sidered as the most important and promising candidate for 

lymphangiogenic therapy in this field, but different admin-

istration routes may account for inconsistent results in pro-

tein and gene-based therapies. To develop safe and effective 

approaches for stimulating cardiac lymphangiogenesis in 

post-MI, much effort has been on sustained protein release or 

gene delivery using adeno-associated virus (AAV) vectors. 

In mouse and rat post-MI, stimulation of lymphangiogen-

esis with targeted intramyocardial delivery of recombinant 

VEGF-C protein has accelerated resorption of chronic myo-

cardial inflammation and edema, reduced deleterious cardiac 

remodeling, and improved cardiac function [7, 25, 79]. In 

a mouse myocardial IRI model, lymphangiogenesis stimu-

lated with VEGF-C delivered by gelatin hydrogel placed 

on the epicardium has also shown reduced inflammation, 
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edema and fibrosis, as well as increased cardiac function. 

Blocking VEGF-C with a neutralizing antibody has blunted 

the increase in LVD and lymph transport, and exacerbated 

cardiac injury and dysfunction [82]. In the acute and chronic 

phases of repair and recovery after mouse MI, therapeutic 

lymphangiogenesis via AAV-VEGF-CC156S gene delivery 

has prevented cardiac lymphatic reduction, and limited car-

diac inflammation and dysfunction, but conversely, AAV-

sVEGFR-3 (soluble VEGFR-3, VEGF-C/VEGF-D trap) 

has inhibited infarct lymphangiogenesis and reduced T-cell 

infiltration and deleterious cardiac remodeling [13].

Other signaling pathways and factors have been reported 

to improve cardiac function after MI by regulating lymphang-

iogenesis. Apelin, a bioactive peptide promotes lymphatic 

development in zebrafish [6] and intratumoral lymphangi-

ogenesis in mice [129], and potently improves cardiac con-

tractility and reduces cardiac loading in pathological settings 

[130]. In an apelin-knockout mouse model, abnormally 

Table 3  Lymphangiogenesis in heart transplantation

DA Dark Agouti, IFN-γ interferon γ, ICAM-1 intracellular adhesion molecule-1, i.p. intraperitoneal injection, PF-4 platelet factor-4, p.v.p. portal 

venous perfusion

Animals/human Main targets (cytokine/chemokine/growth 

factor) and others

Lymphangiogenic properties and lymphatic 

features

References

DA rats (syngeneic allografts)

Vegfr3iΔLEC mice (donor)

VEGF-C 156S, VEGF-C/D trap,

VEGFR-3 NAb, i.p

LYVE-1, Prox-1, OX62, ICAM-1, IFN-γ, 

TLR, TNF-α

Ischemia increases VEGF-C mRNA levels 

and proportion of VEGFR-3+/OX62+ 

donor DCs

IRI-related innate immune response is 

required for LEC activation

VEGF-C enhances LEC activation and 

chemokine expression

Allografts treated with VEGF-C/D trap 

exhibit less LEC activation and DC 

maturation

VEGF-C/D trap reduces alloimmune 

response, chronic inflammation, allograft 

vasculopathy and cardiac fibrosis

Inhibition of VEGFR-3 prolongs cardiac 

allograft survival

[19]

DA rats (heterotopic allografts)

BALB/c donor mice C57/BL6J recipient 

mice

Ad.VEGFR-3-Ig (VEGF-C/D-Trap), p.v.p

VEGFR-3-NAb (mF4–31C1), i.p

LYVE-1, Prox-1, VEGF-C, VEGFR-3, 

CD4, CD8, CD11b, CCL-21, IFN-γ

Chronic rejection induces myocardial 

lymphangiogenesis

VEGF-C is mainly derived from 

macrophages and  CD4+ T cells, and 

VEGFR-3+ LECs are donor derived

sVEGFR-3-Ig improves cardiac allograft 

survival

VEGFR-3 inhibition decreases  CD8+ 

effector cell recruitment to allograft and 

LEC-derived CCL21 production, and 

alloimmune response

VEGFR-3-NAb decreases lymphatic 

activation and allograft inflammation

[20]

C57BL/6 (H-2b) mice (heterotopic allografts) Lymphoscintigraphy

Evan's Blue dye

LYVE-1, CD4, CD8, CD68

Chronic rejection is associated with 

myocardial lymphangiogenesis

Donor cells are the main source of 

lymphangiogenesis

CAV correlates with increased lymphatic 

area and infiltrating  CD8+ T cells

Lymph flow correlates with lymphatic 

area, but not LVD

Increased lymph flow and lymphatic area 

promotes inflammatory infiltrate in 

allografts

[108]

Human (cardiac transplant recipients) CAV classification

VEGF-A, VEGF-C, PF-4

Soluble proteins, e.g., VEGF-A/-C are 

involved in endothelial injury, repair and 

proliferation in established CAV

VEGF-C, VEGF-A and PF4 are sensitive 

and specific biomarkers of CAV

[114]
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dilated and leaky lymphatics have shown to be associated 

with a proinflammatory status after MI, but the overexpres-

sion of apelin in ischemic heart has shown to be sufficient to 

restore functional lymphatics and to reduce matrix remod-

eling and inflammation [23]. The extracellular matrix protein 

reelin (RELN), a lymphoangiocrine signal produced by LECs 

has been shown to control proliferation and survival of car-

diomyocytes during mouse development, and to protect car-

diomyocytes from apoptosis, which correlates with reduced 

scar and improved heart function [12]. The efficient cardiac 

repair after MI in neonatal and adult mice has been contrib-

uted to RELN-induced cardioprotective effect and cardiac 

regeneration [12]. Adrenomedullin (AM), a highly potent 

vasodilator peptide, is essential for proper cardiovascular 

and lymphatic development in mice [131]. Overexpressed 

AM induces cardiac lymphangiogenesis after MI, resulting in 

improved cardiac function and reduced myocardial edema via 

regulation of connexin 43 [71]. In post-infarct heart failure rat 

models, cardiac fibroblasts expressing vascular cell adhesion 

molecule-1 (VCAM-1) improve heart function by triggering 

lymphangiogenesis [14]. A combined delivery of lymphatic 

endothelial progenitor cells (LEPCs) and VEGF-C with the 

functionalized self-assembling peptide (SAP), or delivery of 

SAP-thymosin β4 (Tβ4) has shown to be effective for enhanc-

ing cardiac lymphangiogenesis after MI, reducing cardiac 

inflammation and edema, attenuating reverse myocardial 

remodeling, and improving cardiac function and repair of the 

infarcted myocardium [132, 133]. A recent study has shown 

that the epicardium and pericardium-derived Semaphorin 3E 

(Sema3E) and its receptor, PlexinD1, are essential for the 

coronary stem formation and cardiac lymphatic development. 

Inactivation of Sema3E-PlexinD1 signaling has improved the 

recovery of cardiac function by increasing lymphangiogen-

esis in an adult mouse model of MI [83], suggesting a thera-

peutic possibility for targeting Sema3E-PlexinD1 signaling 

in cardiovascular diseases.

Furthermore, increased lymphatic function is associated 

with improved clearance of excess cholesterol from peripheral 

Fig. 3  Schematic diagram 

depicting the lymphangiogen-

esis regulated by several kinds 

of cytokines, chemokines, and 

growth factors has emerged as a 

major therapeutic or interven-

tional target in cardiovascular 

diseases and heart transplanta-

tion
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tissues, including the arterial wall, the major site of atheroscle-

rotic plaque formation, and thus inhibition of lymph drainage 

exacerbates atherosclerosis. Lymphangiogenic therapy may 

accelerate RCT and alleviate inflammatory responses, leading 

to regression or inhibition of atherosclerosis [76]. In human and 

mouse atherosclerotic arteries, increased R-spondin 2 (RSPO2) 

inhibits lymphangiogenesis via leucine-rich repeat-containing 

G protein-coupled receptor 4 (LGR4) and downstream impair-

ment of protein kinase B (PKB/AKT)-endothelial nitric oxide 

synthase (eNOS) signaling [59]. The regulation of the signaling 

pathways may provide a therapeutic option for improving cho-

lesterol efflux from atherosclerotic arteries by stimulating lym-

phangiogenesis. Epsins, a family of adaptor proteins involved in 

clathrin-dependent endocytosis, control VEGFR-3 degradation 

in LECs for regulating lymphangiogenesis, lymphatic matura-

tion and valve formation [134, 135], designing molecules to tar-

get increased expression of macrophage epsins may represent a 

therapeutic strategy to treat atherosclerosis [15].

Targeting the synergy between lymphangiogenesis and 

inflammatory infiltration is beneficial for promoting immune 

modulation and cardiac repair. Although gene therapy holds 

a great promise for future treatment of cardiovascular dis-

eases, the way either by intramyocardial injection or intra-

vascular infusion to deliver the therapy remains a challenge. 

As a matter of delivery, viral vectors vary greatly in range 

of infectivity, transgene capacity and expression stability. 

Although tissue specific AAVs can increase therapeutic 

transgene levels even up to one year, adenoviruses and plas-

mids provide only short-term transgene expression. Also, 

neutralizing antibodies might limit the therapeutic effect 

and cause a detrimental immune response [136]. Therefore, 

behind the gene therapeutic processes, great attention should 

be paid on the basic biology and fundamental aspects.

Conclusions and perspectives

Cardiac lymphangiogenesis plays an important role in 

improved resolution of inflammation, edema and fibrosis, 

and ameliorated cardiac dysfunction, which has emerged as 

a major therapeutic goal in cardiovascular diseases (Fig. 3). 

However, regarding the positive and negative impacts of 

lymphangiogenesis in the pathological processes of MI and 

atherosclerosis, as well as heart transplant rejection, several 

questions need to be addressed in the future study. What 

are the connection points among atherosclerosis, MI and 

heart transplantation in the field of lymphangiogenesis? How 

activated immune cells in corporation with lymphangiogenic 

mediators contribute to the pathological process of common 

cardiovascular diseases? How do the chemokines, cytokines, 

and growth factors bridge lymphangiogenesis and innate/

adaptive immunity during heart transplantation or allograft 

IRI? Obviously, further understanding of the molecular 

mechanism of cardiac lymphangiogenesis may offer new 

possibilities for therapeutic interventions in cardiovascular 

diseases and heart transplantation.
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