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Abstract 

The lymphatic vasculature, which accompanies the blood vasculature in most organs, is 
indispensable in for maintenance of tissue fluid homeostasis, immune cell trafficking and 
nutritional lipid uptake and transport, as well as reverse cholesterol transport. In this review, 
we discuss the physiological role of lymphatics in the heart, in maintenance of cardiac health, 
and describe alterations of lymphatic structure and function that occur in cardiovascular 
pathology, including atherosclerosis and myocardial infarction. We further discuss briefly the 
role that immune cells may play in the regulation of lymphatic growth (lymphangiogenesis) 
and function. Finally, we provide recent examples of how the cardiac lymphatics may be 
targeted therapeutically to restore lymphatic drainage in the heart in order to limit myocardial 
edema and chronic inflammation. 

Key points 
 Cardiac lymphatics display a dynamic range of fluid uptake and transport, linked to 

cardiac contractility and heart rate 

 Cardiac lymphatics undergo significant remodeling in several cardiovascular 

diseases, which can alter the lymphatic drainage capacity in the heart 

 Insufficient lymphangiogenesis may contribute to the buildup of atherosclerotic 

lesions in large arteries due to accumulation of both lipids and activated immune cells 

 Immune cells contribute to the process of lymphatic remodeling by stimulating or 

inhibiting lymphangiogenesis 

 Therapeutic stimulation of cardiac lymphangiogenesis after myocardial infarction 

leads to accelerated resolution of myocardial edema and inflammation, promoting 

cardiac recovery 

Introduction 

The heart is endowed with an extensive lymphatic network1,2 that plays an essential role in 

myocardial fluid and immune cell homeostasis, both of which are crucial for maintenance of 

cardiac health. For example, an imbalance between myocardial blood microvascular 

permeability and cardiac lymphatic drainage results rapidly in edema with profound 

detrimental short and long term effects on cardiac function3,4. Research on cardiac 

lymphatics has received very little attention in comparison to research of lymphatics in other 

organs5–7. Indeed, although it was shown over 40 years ago that cardiac lymphatic function 

may be altered in cardiovascular diseases8, only very recently were the first studies 

published on the occurrence and impact of cardiac lymphatic remodelling in cardiovascular 

diseases, including myocardial infarction (MI) and chronic heart failure9–16. In this review, we 

summarize the current understanding of the cardiac impact of insufficient lymphatic function 

and remodelling (lymphangiogenesis) in the heart following cardiac injury, with emphasis on 

the role of myocardial edema in cardiac dysfunction. Further, we discuss the promise that 

therapeutic lymphangiogenesis holds for treatment of cardiovascular diseases, notably for 

post-MI heart failure, but also for atherosclerosis. 

Lymphatic vasculature: structure & function & remodeling 

Lymphatic vessels are found in almost all vascularized tissues and organs. The lymphatic 

vasculature is organized into capillaries (also referred to as initial lymphatics), which absorb 

interstitial fluid and solutes from the extracellular space, followed by precollectors and 

collecting vessels that transport lymph via the lymph nodes towards the thoracic ducts that 

empty into the superior vena cava at the junctions between the left and right subclavian and 

internal jugular veins (Fig. 1). Collecting lymphatic vessels run next to arteries and veins, 
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forming a unidirectional transport system indispensable for tissue and body homeostasis. 

The lymphatic vasculature consists of a monolayer of specialized lymphatic endothelial cells 

(LECs), derived mostly from blood vascular endothelial cells (BECs) during embryogenesis17. 

Hence, the lymphatic endothelium shares many structural and molecular characteristics of 

blood vascular endothelium, including zipper-like adherens junctions for endothelial barrier 

function, presence of mechanoreceptors sensing vascular shear-stress, and expression of 

many of the growth factor, cytokine, and hormone receptors found in blood vessels. 

Lymphatic capillaries, which represent the functional “uptake” unit of the system, are highly 

branched, blunt, open-ended structures composed of oak leaf-shaped LECs having no or 

only discontinuous basement membrane but equipped with extracellular-matrix anchoring 

filaments, which act similarly to the chordae tendineae of cardiac valves to prevent lymphatic 

vessel collapse under settings of increased interstitial pressure. Further, the lymphatic 

capillaries display specialized intercellular junctions, called button junctions, that function in a 

flap-like manner to allow free passage of fluid, solutes, macromolecules, and immune cells 

between juxtaposed LECs. The capillaries coalesce into straighter precollectors and collector 

vessels, equipped with tight junctions and a solid, continuous basement membrane, as well 

as an adventitial layer in the larger truncs. Both precollectors and collectors are coated by a 

muscular layer in the form of specialized, autonomously contracting lymphatic smooth 

muscle cells (LMCs). Thus, the collecting vessels have a mural organization reminiscent of 

venules. Further, similar to small veins, precollector and collector vessels are equipped with 

bicuspid valves that prevent lymph backflow. The functional “transport” unit of lymphatics is 

called a lymphangion, defined as a lymphatic precollector or collector vessel segment 

situated in between two sequential lymphatic valves (Fig. 1). This unit behaves like a small 

heart (with systolic and diastolic-like contractile cycles) that acts to push the lymph forward, 

towards the thoracic duct. The contractile function of each lymphangion is ensured 

essentially by forces intrinsic to the vessel wall, generated in a flow-dependent manner by 

phasic and tonic contractions of the LMCs. The activity of each lymphangion is further 

modulated by extrinsic forces derived from surrounding tissue movements and pressure 

gradients, including skeletal muscle contractions, and thoracic pressure changes induced by 

respiratory cycles, bowel movements, heartbeats, and arterial pulsations18. The generated 

intralymphatic pressure spans from negative values (driving fluid absorption) in capillaries to 

35-40 mmHg in major lymphatic truncs18. Thus, it is only due to the chain-like organization of 

the sequential lymphangions, which join forces, that lymph can be transported from the legs 

to the level of the heart, where the thoracic ducts meet central veins via lymphovenous 

valves in large animals. The function of lymphatic vessels in the meninges surrounding the 

central nervous system, and pressure relationships in the cephalic parts of the body are 

poorly known, but under intense investigation19–21. 

The main function of the lymphatic system is to ensure the return of extravasated fluid and 

solutes from the tissue interstitium to the blood circulation in order to maintain homeostasis 

of hydrostatic and oncotic interstitial pressures and to replenish the blood plasma volume. 

Indeed, it has been estimated in humans that every 9 hours, the entire plasma volume leaves 

the blood circulation by capillary ultrafiltration, and this fluid and associated electrolytes are 

returned to the blood vascular system essentially by reuptake through the lymphatics22. The 

lymphatic fluid, or lymph, is rich in tissue-derived proteins23, including enzymes24 (e.g. lactate 

dehydrogenase, malate dehydrogenase, and glutamate oxaloacetate transaminase) and 

metabolites (e.g. lactate), but also lipids (triglycerides, phospholipids and cholesterol)25. 

Whereas lacteal lymphatics ensure the uptake and transport of dietary lipids packed into 
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chylomicrons from the small intestine, lymphatics in other tissues are essential for HDL-

mediated reverse cholesterol transport26. Furthermore, as the lymph is propelled from tissues 

back to the blood circulation via lymph nodes, its composition changes dynamically. Notably, 

a substantial (up to 50%) reuptake of afferent lymph fluid and solutes to the blood circulation 

may occur already in lymph nodes through their specialized high-endothelial venules27,28. 

Lymphatic vessels further play an important immunomodulatory role and participate in 

immune surveillance. Indeed, lymphatics actively regulate reuptake of tissue-infiltrating 

immune cells patrolling the various organs, and both antigen-presenting cells (dendritic cells 

and macrophages) and lymphocytes selectively home to lymphatics for further transport to 

draining lymph nodes (dLN) for fine-tuning of immune responses. In addition, lymphatic-

mediated drainage of antigens and cytokines produced in tissues during inflammation 

significantly impact the amplitude and duration of both innate and adaptive immunity16,29. 

Lymphatic tissue drainage may be reduced or interrupted in conditions such as parasitic 

infection (e.g. filariasis), trauma, surgery, therapeutic radiation, transplantation, medication or 

venous insufficiency, or due to congenital structural alterations of lymphatics6. Insufficient 

lymphatic drainage results in protein-rich tissue edema referred to as lymphedema. Tissue 

edema occurs when the normal exchange between the blood circulatory system and the 

lymphatic network is disrupted, either due to increased blood capillary ultrafiltration 

exceeding lymphatic absorption, or due to inadequate uptake of tissue fluid by lymphatic 

capillaries and/or poor lymph drainage in precollectors and collecting segments. Increased 

blood microvascular permeability, induced by inflammation, ischemia, or arterial 

hypertension, leads often to edema, indicating that in such conditions, lymphatic outflow may 

be limiting. 

Lymphatic vascular remodeling by the process of lymphangiogenesis is in many ways similar 

to the better known process of angiogenesis. The cellular and molecular mechanisms 

regulating lymphangiogenesis have been recently reviewed in detail elsewhere17,30,31. Briefly, 

the key drivers of LEC migration, proliferation, and differentiation are the vascular endothelial 

growth factor (VEGF) family members VEGF-C and VEGF-D that bind and active the VEGF 

receptor (VEGFR)-3, selectively expressed by LECs (Box 1). The proteolytically processed 

forms of these factors can also activate VEGFR2, expressed by BECs, LECs and a few other 

cell types. Among lymphatic transcriptional regulators, Prox1 has emerged as the master 

transcription factor responsible for inducing and maintaining LEC identity. Interestingly, Prox1 

plays a parallel role in cardiomyocytes, where it regulates cardiac hypertrophic responses32, 

as well as the switch between expression of fast-twitch and slow-twitch muscle genes in 

heart33 and skeletal muscle34. Indeed, cardiomyocyte-specific Prox1-deficiency in mice leads 

to overexpression of fast-twitch muscle genes and development of early-onset dilated 

cardiomyopathy (DCM)33. In adults, lymphatic vessels are quiescent, similar to blood vessels, 

except during tissue remodeling, for example in the intestine35,36. In contrast, 

lymphangiogenesis is reactivated in many pathological conditions such as lymphedema, 

chronic inflammation, transplant rejection, and tumor growth6. Therapeutic modulation of 

lymphangiogenesis in humans is currently pursued in several clinical trials: whereas 

inhibition of tumor lymphangiogenesis shows promise in the prevention of metastatic 

disease, stimulation of lymphangiogenesis may reduce edema and limit chronic 

inflammation37. 
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Lymphatic development & organization in the heart 

The cardiac lymphatics were initially described by the Swede Olaus Rüdbeck in 1653, and 

further studied by the French anatomist Constant Sappey38 in 1874, followed by the works of 

British globetrotter Dr. Lewis R Shore in the beginning of the past century1,8. Studies in 

monkeys, rodents and birds have since revealed that cardiac lymphatics are established 

soon after the development of the blood vasculature during embryogenesis12,39–42. In 

comparison, in fish, the cardiac lymphatics develop in the juvenile-adult stages, and sprout 

towards the ventricle following coronary vessel formation (personal communication Pr Karina 

Yaniv). In mice, the first cardiac lymphatic sprouts appear at the base of the heart just after 

the appearance of the first coronary vessels on embryonic day 12 (E12), but prior to the 

onset of coronary blood circulation at E14. Cardiac lymphangiogenesis during development 

depends critically on the ingrowth of cardinal vein BEC-derived Prox-1+ VEGFR3+ lymphatic 

precursor cells that first migrate onto the dorsal epicardial surface, progressively extending 

from the base towards the apex of the heart, along the coronaries, to eventually cover a large 

part of the surface of the heart by E14.5. In comparison, the mesenteric lymphatic 

vasculature develops around the same time, just prior to establishment of an active lymphatic 

drainage in the embryo by E15.5, when the first lymphatic valves appear43. These early 

cardiac Prox1+ LECs further differentiate in situ, gain expression of mature lymphatic 

markers, including LYVE-1 and podoplanin, and organize into a net-like structure covering 

both the atria and the ventricles of the heart. In addition to these venous-derived lymphatic 

precursors, the development of cardiac lymphatics seems to involve the process of 

lymphvasculogenesis with recruitment and incorporation of LYVE-1+ (and initially Prox-1-) 

progenitor cells, or lymphangioblasts, whose origin remains to be further determined12,44. 

These potentially non-venous-derived LECs may constitute up to 20% of cardiac lymphatic 

vessels, indicating significant heterogeneity of the lymphatics of the heart, similar to what has 

been described for dermal and mesenteric lymphatic beds45. The cardiac lymphatic vessel 

remodeling and maturation processes continue postnatally, and appear to be fully completed 

by 2-3 weeks after birth in mice12,41. The key role of VEGF-C and VEGF-D in guiding cardiac 

lymphangiogenesis was revealed in a study of mice expressing a soluble VEGFR3 

(sVEGFR3) construct that acts as a VEGF-C/VEGF-D trap46: these transgenic mice display 

lymphatic hypoplasia or aplasia in many organs, including the heart. As a consequence, the 

mice expressing the VEGF-C/VEGF-D trap develop severe pre- and postnatal edema, 

including pericardial fluid accumulation. However, the lymphatic vasculature eventually forms 

postnatally in these mice, indicating that other lymphangiogenic growth factors may, at least 

partially, compensate for the lack of VEGF-C and VEGF-D17. 

The mature cardiac lymphatic network in humans and dogs spans all layers of the 

heart1,8,47(Fig. 2a, b). It covers both atria and ventricles, and extends at least to the mitral 

valve in humans8,48,49. The cardiac lymphatics of the ventricles are organized into a 

subendocardial plexus, notably rich in the papillary muscles, coupled to a sparser mid-

myocardial lymphatic capillary network that drains centrifugally into straighter and valved 

lymphatic precollectors present in the subepicardium11. These superficial precollectors run 

next to the anterolateral coronary arteries and the posterior coronary sinus, from the apex 

towards the base of the heart, where extra-cardiac larger collector vessels empty into 

cardiac-draining mediastinal lymph nodes located under the aortic arch and around the 

trachea1,12,13,39,50. In other mammals, the subepicardial lymphatic network, composed of both 

capillaries and precollectors, is also rich on the ventricular and atrial external surfaces and in 

the subepicardial layers of the interventricular septum, but its intramyocardial ramifications 



 

6 

 

are more limited, notably in mouse hearts (Fig. 2c-f). The evolution of lymphatic penetrance 

into the deeper myocardial layers may relate to ventricular wall thickness (left ventricular 

systolic wall thickness: ~1 mm in mice, ~3 mm in rats, and ~1 cm in humans) versus the free 

diffusion of fluid and solutes in the myocardium. 

A distinguishing feature of cardiac lymphatics is the almost complete absence of LMCs in the 

subepicardial valved precollectors, as noted in human, rat and mouse hearts13,39,49. Thus, 

lymph propulsion from the heart is driven essentially by extrinsic factors, i.e. cardiac muscle 

contraction and twist forces. In accordance, the rate and force of cardiac contractions and 

the duration of diastole have significant impact on cardiac lymph flow: when cardiac 

contractility decreases or heart rate increases, cardiac lymphatic transport is reduced51–54. 

Importantly, central venous pressure is another major determinant of cardiac lymphatic 

drainage, as it limits lymph return centrally8. 

Regulation and impact of cardiac lymphatic transport 

The study of cardiac lymphatic drainage in vivo classically involves terminally-invasive 

approaches based on direct intramyocardial injection of lymphatic-selective dyes and tracers 

followed by macroscopic evaluation, as described in many species including in human 

cadavers8, anaesthetized pigs, dogs, and rabbits55. Alternatively, macroconfocal 

fluorescence imaging can be used (Fig. 3a), as we recently demonstrated in rodents13. The 

ongoing development of new multimodal lymphatic imaging agents holds great promise for 

clinical translation of cardiac lymphangiography56–58. Notably, a minimally-invasive approach 

to monitor cardiac lymphatic transport has been described in pigs based on dual MRI/NIRF 

probes59 (Fig. 3b), and by lymphoscintigraphy in dogs60. Investigations of lymphatic transport 

function ex vivo, which has been used to assess lymphatic precollector and collector vessels 

in many different tissues via modified wire- and pressure-myographs61, has not yet been 

applied to cardiac lymphatics. However, given the apparent lack of LMC coating in cardiac 

precollectors, and thus absence of intrinsic lymphatic contractility, such ex vivo approaches 

may not be pertinent for studies of the drainage function in cardiac lymphatics. 

Starting in the 1960s, studies of the regulation of lymph drainage in many different organs, 

including the heart in humans, dogs, pigs, and rabbits8,50,55,62,63, revealed the essential 

pathophysiological role of lymphatics in upholding tissue homeostasis. These ground-

breaking studies, based on direct cannulation of large extra-cardiac collectors, demonstrated 

that the cardiac lymphatic system displays a dynamic range of lymph flow in physiology, 

varying between 1-7 mL per hour in dogs8,64. In anaesthetized pigs, the baseline cardiac 

lymph flow rate was estimated to 1-3 mL per hour55. Importantly, cardiac lymph drainage may 

increase up to 6-fold in healthy hearts during acute, experimentally-induced increases in 

blood vessel ultrafiltration65. For example, in a model of acute myocardial ischemia in dogs 

that leads to cardiac blood microvascular hyperpermeability, almost a doubling of cardiac 

lymph flow rate was noted66. However, this was not sufficient to prevent build-up of 

myocardial edema, indicating that lymphatic drainage capacity may be insufficient under 

pathological conditions67. 

Insufficient cardiac lymphatic drainage may not only lead to myocardial edema, but it may 

also aggravate inflammation. Indeed, reduced lymphatic clearance of tissue-infiltrating 

immune cells and cytokines has been shown in experimental studies to increase and prolong 

the inflammatory reaction in response to acute inflammatory stimuli in organs such as the 

skin, intestine, and trachea16,29,68 (Box 2). Conversely, other studies have revealed that 

immune cells contribute to regulation of lymphatic function and remodeling in skin, intestine 
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and lymph nodes 16,29,69 (Box 3). Thus, the functions of the immune system and the lymphatic 

system appear closely and dynamically linked, and the heart should be no exception. Given 

the well-recognized importance of cardiac inflammation in cardiovascular diseases, we direct 

the reader to recent excellent reviews on this topic70–73. In the next section, we will instead 

focus on the cardiac impact of edema, which remains a less appreciated, albeit common 

complication of cardiovascular diseases. 

Functional impact of myocardial edema 

As discussed above, cardiac lymphatics play an essential role in counteracting myocardial 

edema64. While the presence of peripheral edema is a well-known clinical telltale sign of 

heart failure, it has been less commonly recognized that myocardial edema may also occur 

in these patients. Clinical detection of myocardial edema is based on cardiac magnetic 

resonance (CMR) imaging using late gadolinium enhancement (LGE) T1 mapping, T2-

weighted imaging, or more recently, native T2 mapping74–76. Myocardial edema has thus 

been evidenced in the clinic in many different cardiovascular conditions64,77, including acute 

MI, acute decompensated heart failure78, acute and chronic arterial hypertension79, non-

ischemic dilated cardiomyopathy (DCM)80, and acute myocarditis76,81, but also following 

cardioplegia induced by cardiac surgery. Clinically-detectable myocardial edema, extending 

beyond the infarct, may persist for 6-12 months post-MI in humans82,83. In experimental MI 

(induced by either permanent coronary ligation or ischemia-reperfusion injury in rats), tissue 

edema may additionally be directly quantitated using microgravimetry (wet-dry weight ratios). 

Significant myocardial edema was found to persist in the non-infarcted left ventricular wall 

and interventricular septum for up to 6 weeks after MI and longer still in the infarct scar (Fig. 

3c)13. In rats, microgravimetric evaluation of cardiac water content is well correlated with MRI 

native T2 mapping signals, indicating MRI signal specificity for water (Fig. 3d)13. 

Importantly, myocardial edema is not only a consequence of cardiac injury, but it also causes 

microvascular and cardiomyocyte dysfunction and damage. Indeed, extensive studies in 

dogs have revealed that the heart is exquisitely sensitive to variations in interstitial fluid 

pressure, which directly impacts cardiac compliance54,84. Thus, even small increases in 

cardiac water content reduce cardiac compliance, meaning stiffening of the heart, and may 

significantly reduce cardiac function. Notably, it has been demonstrated in dogs that an acute 

increase in cardiac water content, from physiological 75% to pathological 77.6%, may reduce 

cardiac output by 30-40%51,85. Similarly, myocardial edema induced by selective 

experimental obstruction of cardiac lymphatics rapidly leads to cardiac dysfunction and 

coronary vasculopathy in dogs86,87. Further, chronic myocardial edema contributes to reactive 

interstitial fibrosis3,9,64,88. In rabbits, experimental obstruction of cardiac lymphatics stimulates 

pro-collagen I and III synthesis in the heart, resulting in increased collagen deposition18. 

Interestingly, studies in dogs have suggested that such interstitial fibrosis, accompanied by a 

switch in the production of collagen isoforms, may represent an initially adaptive mechanism 

set to limit the impact of interstitial pressure increase on cardiac compliance during 

prolonged or recurrent myocardial edema51,84. It is possible that the cardiac fibrosis and 

dysfunction observed in many cardiovascular diseases is in part due to myocardial edema 

that remains unresolved because of insufficient cardiac lymphatic drainage. 

As previously mentioned, stimulation of lymphangiogenesis has been proposed as a 

treatment to resolve peripheral edema of different etiologies, including secondary 

lymphedema30. Although the recent development of molecular markers for lymphatic vessels 

has fueled investigations into lymphatic anatomy, function, and growth in many organs, 
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considerably advancing our understanding of this parallel vascular transport system30, only 

few studies to date have assessed the impact of endogenous or therapeutically-induced 

cardiac lymphangiogenesis on the heart. 

Cardiac lymphangiogenesis & lymphatic drainage in pathology 

Remodeling of cardiac lymphatics has been shown to occur in patients with ischemic heart 

disease, both in the acute and in the chronic phase, as well as at the terminal stage of 

chronic heart failure10,11,54,89. Further, cardiac lymphangiogenesis has been reported in 

patients suffering from severe cardiac inflammation, for example in the mitral valve and 

ventricles of patients with infective endocarditis11,90, but also in the aortic valve in patients 

with degenerative calcified stenosis11,91. Notably, in humans, only the mitral, but not the aortic 

valve, is endowed with lymphatics under healthy conditions8,39. Finally, lymphatic remodeling 

has been evidenced in human hearts after cardiac transplantation92,93. In all these conditions, 

the observed alterations include focal lymphatic hyperplasia. 

In experimental studies, cardiac lymphangiogenesis has so far been investigated only in 

rodent models of MI10,12,13,94–96 or cardiac transplantation97,98, and in dogs following cardiac 

lymphatic ligation48. Studies of mouse and rat hearts post-MI have demonstrated that cardiac 

lymphangiogenesis occurs in the infarct zone as well as in the non-infarcted regions of the 

heart10,12,13,94–96. We and others have shown that the endogenous lymphangiogenic response, 

driven mainly by increased cardiac expression of VEGF-C and VEGF-D during the first 

months post-MI, is characterized by lymphatic capillary expansion, especially in the infarct 

scar. However, MI also rapidly leads to cardiac precollector slimming and rarefaction, both 

potentially linked to acute cardiac inflammation99. As a consequence, cardiac lymphatic 

transport remains severely limited for several months post-MI, as revealed by cardiac 

lymphangiography in rats13. Thus, whereas the acute myocardial edema post-MI is largely 

due to blood microvascular hyperpermeability induced by acute ischemia (which overwhelms 

adaptive cardiac responses of acutely increased lymphatic drainage, as mentioned above66), 

in the chronic phase post-MI, the lymphatic remodeling of precollectors, in both infarcted and 

non-infarcted areas of the left ventricle, leads to a deterioration of cardiac lymph transport 

capacity, and hence, the establishment of chronic myocardial edema (Fig. 3c). 

In the setting of experimental cardiac transplantation, allograft lymphangiogenesis and 

increased cardiac VEGF-C and VEGFR3 expression have been noted in rats97 and in 

patients. Lymphatic activation in the allograft was found to be aggravated by ischemia-

reperfusion injury to the graft prior to transplantation98. In addition to stimulating 

lymphangiogenesis, VEGF-C led to increased immune cell homing to the heart, aggravating 

cardiac inflammation. Conversely, treatment with a sVEGFR3 trap reduced lymphatic CCL21 

chemokine expression97 and limited cardiac inflammation, notably T cell infiltration, in the 

graft98. As a result, treatment with sVEGFR3 reduced transplant arteriosclerosis and 

increased graft survival. These findings highlight the dynamic role of lymphatics in bridging 

innate and adaptive immune responses (Box 3). However, given the potential aggravating 

effect of lymphangiogenic inhibition on myocardial edema also in cardiac transplants, it would 

seem safer to control host-versus graft immune rejection by direct immunomodulatory 

therapies. For example, targeting regulatory T cell expansion or application of lymphatic-

formulated immune suppressants could be envisaged100. 

Finally, in view of the prevalence of cardiac inflammation and myocardial edema in many 

other cardiovascular diseases, including DCM, chronic hypertensive or diabetic 

cardiomyopathy, acute Kawasaki or Takotsubo cardiomyopathy, and metabolic syndrome-
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induced heart failure with preserved ejection fraction (HFpEF), further investigations are 

sorely needed to determine the potential impact of cardiac lymphatics in the disease-specific 

etiology. Interestingly, elevated VEGF-D expression and cardiac lymphatic hyperplasia has 

been reported in patients with acute Kawasaki disease101. Further, given that lymphatics are 

located close to the conduction system bundles in the heart, it is possible that lymphatic 

dysfunction, induced by ageing, metabolic syndrome, elevated venous pressure, or surgical 

intervention around the base of the heart, may contribute to development of atrial 

fibrillation102. 

Vascular lymphangiogenesis in atherosclerosis 

In the heart, lymphatic vessels are also found in the adventitial layer of the coronary arteries 

at sites where vasa vasorum are found103, and in the adventitia of most major arteries104,105 

(Fig. 4a, b). Interestingly, experimental studies have revealed an essential function of 

lymphatic vessels in mediating reverse cholesterol transport (RCT) from tissues, even from 

the aortic wall in pigs, to the liver94–96 . This indirectly suggests a role for periarterial 

lymphatics in the process of atherosclerosis109 (Fig. 4c). Although adventitial lymphatic 

vessel density was not increased in human atherosclerotic coronary arteries11,110, in 

progressive atherosclerotic coronary lesions, lymphatic-like vessels were detected in the 

medial and intimal layers in the vicinity of calcium deposits11. The phenotype of LEC-like cells 

in such vessels should be further confirmed by use of other LEC markers, such as Prox1. In 

atherosclerotic lesions, macrophage foam cells have been suggested as a significant source 

of lymphangiogenic VEGF-C110. Similar findings have been reported for other atherosclerotic 

arteries in humans, including iliac arteries111,112, and the abdominal aorta, where adventitial 

lymphatic densities were increased and correlated with intimal thickness, notably in 

advanced or ruptured atherosclerotic lesions113, where also VEGF-D expression may be 

increased114. 

Experimental studies in atherosclerosis mouse models have yielded comparable findings, 

including increased lymphatic density in carotid atheroma plaques in mice113. However, one 

recent study instead found decreased adventitial lymphatic vessel density in atheromatous 

plaques in the abdominal aorta of aged ApoE-deficient mice, despite locally elevated VEGF-

C expression115. This was linked to increased aortic expression of soluble VEGFR2 that acts 

as a trap for VEGF and processed forms of VEGF-C and VEGF-D, and hence may reduce 

both angiogenic and lymphangiogenic responses. Interestingly, therapeutic inhibition of 

plaque lymphangiogenesis, by overexpression of a VEGF-C/VEGF-D trap, led to accelerated 

atherosclerosis in the descending aorta in both ApoE-deficient and in atherogenic 

LDLR−/−/ApoB100/100 mice108,116. Similarly, it was recently reported that surgical dissection of 

aortic plaque-draining lymph nodes led to aggravated plaque formation in ApoE-deficient 

mice, including increased intraplaque and adventitial T cell densities113. Further, a potential 

role for additional lymphangiogenic factors in plaque lymphangiogenesis was shown by local 

silencing of the CXCL12 (SDF-1α) chemokine in the carotid artery of ApoE-deficient mice, 

which resulted in reduced adventitial lymphangiogenesis and increased T cell density113. 

Taken together, these studies suggest a beneficial role of peri-advential lymphatics in limiting 

both cholesterol accumulation and chronic plaque inflammation during atherosclerosis. 

Future studies should reveal whether therapeutic lymphangiogenesis targeting the arterial 

wall confers protection against atherosclerosis in humans. 
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Therapeutic stimulation of cardiac lymphangiogenesis 

Research over the last 20 years has shown that the success of therapeutic angiogenic 

approaches is largely determined by the mode of growth factor delivery117. Indeed, control 

over growth factor concentrations in tissues, as well as the duration of their expression and 

distribution are important for safe therapeutic induction of stable and functional blood 

vessels. Arguably, the same may hold true for therapeutic lymphangiogenesis. In order to 

improve the spatiotemporal control over therapeutic growth factors, a plethora of 

biopolymeric delivery systems have been developed for localized tissue delivery of 

recombinant growth factors118,119. In parallel, adeno-associated (AAV) viruses have emerged 

as vectors of choice for durable and organ-targeted gene delivery120. Interestingly, co-

expression of two other secreted proteins (the extracellular matrix-anchoring protein CCBE1 

and the VEGF-C-activating enzyme ADAMTS3)121 is required for full activation and 

maturation of VEGF-C. Thus the physiological tissue gradients of these two “activators” that 

guide functional lymphatic growth may be usurped for therapy when the native full-length and 

cleavable VEGF-C protein or gene constructs, rather than the preprocessed mature form, are 

employed for therapy122,123. 

Most experimental studies of therapeutic lymphangiogenesis have so far focused on the 

delivery of VEGF-C gene or protein, which stimulates both lymphangiogenesis and 

angiogenesis in its proteolytically-processed mature form123,124. Promisingly, VEGF-C gene 

therapy, delivered by adenoviral or AAV vectors, was shown to reduce edema and 

inflammation in several different experimental models37,125. However, VEGF-C may also 

increase blood and lymphatic vessel permeability, depending on its proteolytic processing 

and binding to VEGFR2 or VEGFR3126,127. To enable selective stimulation of 

lymphangiogenesis, without concurrent effects on angiogenesis or on lymphatic vascular 

permeability, VEGFR3-selective VEGF-C designer mutants have been developed124,128. 

Similarly, viral vectors have been used that produce “pre-activated” recombinant forms of 

VEGF-C or VEGF-D (VEGF-CΔNΔC and VEGF-DΔNΔC, respectively), which display improved in 

vivo efficacy129,130. 

The first studies investigating the cardiac effects of therapeutic lymphangiogenesis were 

performed in experimental MI models in rodents131: Klotz et al used repeated intraperitoneal 

injections in mice of naked recombinant human VEGFR3-selective VEGF-CC156S mutant12, 

whereas Henri et al. used intramyocardial spatiotemporally-controlled biopolymeric delivery 

in rats of recombinant rat VEGFR3-selective VEGF-CC152S mutant13. Modulation of cardiac 

lymphangiogenesis post-MI by apelin96 or by cell therapy with bone marrow-derived 

endothelial progenitor cells (EPC)94 have also been reported. Promisingly, we recently 

demonstrated that targeted VEGF-CC152S protein therapy, in an ischemia-reperfusion MI 

model in rats, led to dose-dependent acceleration of subepicardial lymphatic capillary 

expansion, and reduced deleterious precollector remodeling in the non-infarcted LV13. In 

contrast, the angiogenic and arteriogenic responses in the heart were unaltered. As a result 

of selectively-improved cardiac lymphangiogenesis, the resorption of chronic myocardial 

edema, in both non-infarcted left ventricular free wall and interventricular septum, was 

accelerated by 3 weeks post-MI, and cardiac macrophage infiltration levels were reduced. 

Furthermore, both interstitial cardiac fibrosis and cardiomyocyte hypertrophy, which 

developed by 8 weeks post-MI in control rats, were prevented, leading to an improvement of 

cardiac function, as evaluated by hemodynamic analyses including of left ventricular end-

diastolic pressure, and systolic and diastolic left ventricular pressure-volume relations13. Our 

unpublished data from a mouse MI model, using AAV-9-mediated myocardial VEGF-C gene 
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delivery, similarly indicate the beneficial cardiac effects of targeted lymphangiogenic therapy. 

Taken together, these findings suggest that therapeutic stimulation of cardiac 

lymphangiogenesis with VEGF-C represents a novel approach to prevent deleterious cardiac 

remodeling post-MI and to limit heart failure development in patients. 

Of note, percutaneous intramyocardial plasmid gene therapy with VEGF-C has been 

investigated in in coronary artery disease (CAD) patients132. The rationale at the time was 

however therapeutic stimulation of cardiac angiogenesis/arteriogenesis with full-length native 

VEGF-C to reduce angina133. Unfortunately, these early trials were halted due to catheter-

based issues, and there is no data available on its potential effects on cardiac lymphatics, 

myocardial edema, or cardiac fibrosis in these patients. 

Future perspectives & Conclusion 

During the last decade, many growth factors have been found to stimulate 

lymphangiogenesis, including VEGF-A, Angiopoietins, Platelet Derived Growth Factors 

(PDGFs), Insulin-like Growth Factors (IGFs), Fibroblast Growth Factor (FGF)-2, and 

Hepatocyte Growth Factor17. Several of these may work via an indirect mechanism, for 

example by stimulating VEGF-C production, or recruitment of VEGF-C producing leukocytes. 

It is possible that growth factor combinations could be beneficial for the therapeutic creation 

of functional lymphatics, similarly as in functional blood vessel growth134,135. Developmental 

studies have shown that multiple growth factors are necessary for the differentiation and 

patterning of LECs into a functional, hierarchical lymphatic system30. Interestingly, the 

combination of VEGF-C with FGF-2 provides additive effects on stimulation of both 

angiogenesis and lymphangiogenesis136. Such dual stimulation of both vascular systems 

may be more beneficial in cardiovascular diseases characterized by insufficient perfusion, 

chronic edema and inflammation. 

Currently, there is an ongoing phase I/IIa clinical trial (KAT301/NCT01002430) to evaluate 

dual angiogenic/lymphangiogenic adenoviral gene therapy with a recombinant VEGF-D 

mutant (VEGF-DΔNΔC) in CAD patients with refractory angina120,137. The safety of the NOGA-

guided intramyocardial gene delivery has been confirmed, although an increase was noted in 

anti-adenoviral titers in the treated patients. Promisingly, the myocardial perfusion reserve 

was significantly improved by the intramyocardial-targeted VEGF-D gene therapy at 3 and 12 

months, especially in patients with the highest baseline lipoprotein a plasma levels. Larger, 

randomized trials are thus warranted to further confirm therapeutic efficacy. It is however, as 

yet unknown whether the VEGF-D gene therapy influenced cardiac lymphatics, edema, 

inflammation or fibrosis in these patients. 

In conclusion, both clinical and experimental research over the last 20 years has uncovered 

the fundamental role that lymphatics play in the pathogenesis of many different diseases, 

revealing the potential that modulation of lymphangiogenesis holds for therapeutic 

intervention. Indeed, experimental studies have yielded ample proof-of-principle that whereas 

inhibition of lymphangiogenesis limits tumor metastasis, and potentially graft rejection, 

stimulation of lymphangiogenesis accelerates resolution of inflammation and edema. Most 

current therapeutic studies have been focused on the VEGF-C/VEGF-D/VEGFR3 pathway. 

However, a deeper understanding of the cellular and molecular pathways involved in 

disease- and tissue-specific alterations of lymphatics should provide additional therapeutic 

tools to restore lymphatic health. Such therapeutic targeting of the lymphatic vessels in the 

heart and its coronary arteries and valves holds great promise to limit the development and 

progression of cardiovascular diseases. 



 

12 

 

Acknowledgment 
We thank Dr. Anna Ratajska (Warsaw Medical University, Poland) for critical reading of the 

manuscript, and we acknowledge the work of colleagues and collaborators in providing the research 

background for this review. Special thanks goes to David Godefroy (Inserm UMR1239-DC2N 

Laboratory, Rouen, France) and Damien Schapmann (PRIMACEN, Rouen, France) for expert 

assistance with cardiac light sheet and confocal microscopy, respectively. This work was supported by 

the Academy of Finland (Centre of Excellence Program 2014–2019 [271845 and 307366]), the 

European Research Council (ERC) under the European Union's Horizon 2020 Research and 

Innovation Programme (grant agreement no. 743155), the Novo Nordisk Foundation, the Sigrid 

Juselius Foundation, the Helsinki Institute for Life Sciences (HiLife) and the Finnish Cancer Society (all 

to K.A.), the ERA-CVD (LYMIT-DIS project, a transnational R&D programme jointly funded by national 

funding organisations within the framework of the ERA-NET ERA-CVD, E.B), FHU REMOD-VHF 

(Inserm U1096 laboratory), and generalized institutional funds (E.B) from French Inserm and the 

Normandy Region together with the European Union: “Europe gets involved in Normandie” with 

European Regional Development Fund (ERDF): CPER/FEDER 2015 (DO-IT) and CPER/FEDER 2016 

(PACT-CBS). 

  



 

13 

 

References 
1. Shore, L. R. The lymphatic drainage of the 

human heart. J. Anat. 63, 291 (1929). 

2. Patek, P. The morphology of the lymphatics of 

the mammalian heart. American J. of Anatomy 

203–249 (1939). 

3. Davis, K. L. et al. Effects of myocardial edema 

on the development of myocardial interstitial 

fibrosis. Microcirc. N. Y. N 1994 7, 269–280 

(2000). 

4. Mehlhorn, U., Geissler, H. J., Laine, G. A. & 

Allen, S. J. Role of the cardiac lymph system in 

myocardial fluid balance. Eur. J. Cardio-Thorac. 

Surg. Off. J. Eur. Assoc. Cardio-Thorac. Surg. 

20, 424–427 (2001). 

5. Miller, A. J. The grossly invisible and generally 

ignored lymphatics of the mammalian heart. Med. 

Hypotheses 76, 604–606 (2011). 

6. Alitalo, K., Tammela, T. & Petrova, T. V. 

Lymphangiogenesis in development and human 

disease. Nature 438, 946–953 (2005). 

7. Petrova, T. V. & Koh, G. Y. Organ-specific 

lymphatic vasculature: From development to 

pathophysiology. J. Exp. Med. 215, 35–49 

(2018). 

8. Bradham, R. R. & Parker, E. F. The Cardiac 

Lymphatics. Ann. Thorac. Surg. 15, 526–535 

(1973). 

9. Cui, Y. The role of lymphatic vessels in the heart. 

Pathophysiology 17, 307–314 (2010). 

10. Ishikawa, Y. et al. Lymphangiogenesis in 

myocardial remodelling after infarction. 

Histopathology 51, 345–353 (2007). 

11. Kholová, I. et al. Lymphatic vasculature is 

increased in heart valves, ischaemic and inflamed 

hearts and in cholesterol-rich and calcified 

atherosclerotic lesions. Eur. J. Clin. Invest. 41, 

487–497 (2011). 

12. Klotz, L. et al. Cardiac lymphatics are 

heterogeneous in origin and respond to injury. 

Nature 522, 62–67 (2015). 

13. Henri, O. et al. Selective Stimulation of Cardiac 

Lymphangiogenesis Reduces Myocardial Edema 

and Fibrosis Leading to Improved Cardiac 

Function Following Myocardial Infarction. 

Circulation 133, 1484–1497 (2016). 

14. Aspelund, A., Robciuc, M. R., Karaman, S., 

Makinen, T. & Alitalo, K. Lymphatic System in 

Cardiovascular Medicine. Circ. Res. 118, 515–

530 (2016). 

15. Dashkevich, A., Hagl, C., Beyersdorf, F., 

Nykänen, A. I. & Lemström, K. B. VEGF 

Pathways in the Lymphatics of Healthy and 

Diseased Heart. Microcirc. N. Y. N 1994 23, 5–14 

(2016). 

16. Randolph, G. J., Ivanov, S., Zinselmeyer, B. H. & 

Scallan, J. P. The Lymphatic System: Integral 

Roles in Immunity. Annu. Rev. Immunol. 35, 31–

52 (2017). 



 

14 

 

17. Vaahtomeri, K., Karaman, S., Mäkinen, T. & 

Alitalo, K. Lymphangiogenesis guidance by 

paracrine and pericellular factors. Genes Dev. 31, 

1615–1634 (2017). 

18. Scallan, J. P., Zawieja, S. D., Castorena-

Gonzalez, J. A. & Davis, M. J. Lymphatic 

pumping: mechanics, mechanisms and 

malfunction: Lymphatic pumping mechanisms. J. 

Physiol. 594, 5749–5768 (2016). 

19. Ma, Q., Ineichen, B. V., Detmar, M. & Proulx, S. 

T. Outflow of cerebrospinal fluid is 

predominantly through lymphatic vessels and is 

reduced in aged mice. Nat. Commun. 8, 1434 

(2017). 

20. Antila, S. et al. Development and plasticity of 

meningeal lymphatic vessels. J. Exp. Med. 214, 

3645–3667 (2017). 

21. Louveau, A. et al. Understanding the functions 

and relationships of the glymphatic system and 

meningeal lymphatics. J. Clin. Invest. 127, 3210–

3219 (2017). 

22. Levick, J. R. & Michel, C. C. Microvascular fluid 

exchange and the revised Starling principle. 

Cardiovasc. Res. 87, 198–210 (2010). 

23. Hansen, K. C., D’Alessandro, A., Clement, C. C. 

& Santambrogio, L. Lymph formation, 

composition and circulation: a proteomics 

perspective. Int. Immunol. 27, 219–227 (2015). 

24. Szabó, G. Enzymes in tissue fluid and peripheral 

lymph. Lymphology 11, 147–155 (1978). 

25. Dixon, J. B. Lymphatic lipid transport: sewer or 

subway? Trends Endocrinol. Metab. 21, 480–487 

(2010). 

26. Huang, L.-H., Elvington, A. & Randolph, G. J. 

The role of the lymphatic system in cholesterol 

transport. Front. Pharmacol. 6, 182 (2015). 

27. Adair, T. H., Moffatt, D. S., Paulsen, A. W. & 

Guyton, A. C. Quantitation of changes in lymph 

protein concentration during lymph node transit. 

Am. J. Physiol. 243, H351-359 (1982). 

28. Knox, P. & Pflug, J. J. The effect of the canine 

popliteal node on the composition of lymph. J. 

Physiol. 345, 1–14 (1983). 

29. Dieterich, L. C., Seidel, C. D. & Detmar, M. 

Lymphatic vessels: new targets for the treatment 

of inflammatory diseases. Angiogenesis 17, 359–

371 (2014). 

30. Tammela, T. & Alitalo, K. Lymphangiogenesis: 

Molecular Mechanisms and Future Promise. Cell 

140, 460–476 (2010). 

31. Yu, P., Tung, J. K. & Simons, M. Lymphatic fate 

specification: an ERK-controlled transcriptional 

program. Microvasc. Res. 96, 10–15 (2014). 

32. Risebro, C. A. et al. Prox1 maintains muscle 

structure and growth in the developing heart. 

Dev. Camb. Engl. 136, 495–505 (2009). 

33. Petchey, L. K. et al. Loss of Prox1 in striated 

muscle causes slow to fast skeletal muscle fiber 

conversion and dilated cardiomyopathy. Proc. 

Natl. Acad. Sci. U. S. A. 111, 9515–9520 (2014). 



 

15 

 

34. Kivelä, R. et al. The transcription factor Prox1 is 

essential for satellite cell differentiation and 

muscle fibre-type regulation. Nat. Commun. 7, 

13124 (2016). 

35. Bernier-Latmani, J. et al. DLL4 promotes 

continuous adult intestinal lacteal regeneration 

and dietary fat transport. J. Clin. Invest. 125, 

4572–4586 (2015). 

36. Nurmi, H. et al. VEGF-C is required for intestinal 

lymphatic vessel maintenance and lipid 

absorption. EMBO Mol. Med. 7, 1418–1425 

(2015). 

37. Norrmén, C., Tammela, T., Petrova, T. V. & 

Alitalo, K. Biological Basis of Therapeutic 

Lymphangiogenesis. Circulation 123, 1335–1351 

(2011). 

38. Sappey, C. Anatomie, physiologie, pathologie des 

vaisseaux lymphatiques considérés chez l’homme 

et les vertébrés. (BIU Sante (Paris), 1874). 

39. Ratajska, A. et al. Comparative and 

developmental anatomy of cardiac lymphatics. 

ScientificWorldJournal 2014, 183170 (2014). 

40. Shimada, T., Zhang, L., Abe, K., Yamabe, M. & 

Miyamoto, T. Developmental morphology of 

blood and lymphatic capillary networks in 

mammalian hearts, with special reference to 

three-dimensional architecture. Ital. J. Anat. 

Embryol. Arch. Ital. Anat. Ed Embriologia 106, 

203–211 (2001). 

41. Juszyński, M., Ciszek, B., Stachurska, E., 

Jabłońska, A. & Ratajska, A. Development of 

lymphatic vessels in mouse embryonic and early 

postnatal hearts. Dev. Dyn. Off. Publ. Am. Assoc. 

Anat. 237, 2973–2986 (2008). 

42. Karunamuni, G. et al. Expression of lymphatic 

markers during avian and mouse cardiogenesis. 

Anat. Rec. Hoboken NJ 2007 293, 259–270 

(2010). 

43. Sabine, A., Saygili Demir, C. & Petrova, T. V. 

Endothelial Cell Responses to Biomechanical 

Forces in Lymphatic Vessels. Antioxid. Redox 

Signal. 25, 451–465 (2016). 

44. Ulvmar, M. H., Martinez-Corral, I., Stanczuk, L. 

& Mäkinen, T. Pdgfrb-Cre targets lymphatic 

endothelial cells of both venous and non-venous 

origins. Genes. N. Y. N 2000 54, 350–358 (2016). 

45. Ulvmar, M. H. & Mäkinen, T. Heterogeneity in 

the lymphatic vascular system and its origin. 

Cardiovasc. Res. 111, 310–321 (2016). 

46. Mäkinen, T. et al. Inhibition of 

lymphangiogenesis with resulting lymphedema in 

transgenic mice expressing soluble VEGF 

receptor-3. Nat. Med. 7, 199–205 (2001). 

47. Shimada, T., Noguchi, T., Takita, K., Kitamura, 

H. & Nakamura, M. Morphology of lymphatics 

of the mammalian heart with special reference to 

the architecture and distribution of the 

subepicardial lymphatic system. Acta Anat. 

(Basel) 136, 16–20 (1989). 



 

16 

 

48. Miller, A. J., Pick, R. & Katz, L. N. Lymphatics 

of the mitral valve of the dog. Demonstration and 

discussion of the possible significance. Circ. Res. 

9, 1005–1009 (1961). 

49. Sacchi, G., Weber, E., Aglianò, M., Cavina, N. & 

Comparini, L. Lymphatic vessels of the human 

heart: precollectors and collecting vessels. A 

morpho-structural study. J. Submicrosc. Cytol. 

Pathol. 31, 515–525 (1999). 

50. Johnson, R. A. & Blake, T. M. Lymphatics of the 

heart. Circulation 33, 137–142 (1966). 

51. Laine, G. A. & Allen, S. J. Left ventricular 

myocardial edema. Lymph flow, interstitial 

fibrosis, and cardiac function. Circ. Res. 68, 

1713–1721 (1991). 

52. Mehlhorn, U. et al. Impact of cardiopulmonary 

bypass and cardioplegic arrest on myocardial 

lymphatic function. Am. J. Physiol. 268, H178-

183 (1995). 

53. Schertel, E. R. et al. Mechanical workload-

myocardial water content relationship in isolated 

rat hearts. Am. J. Physiol. 273, H271-278 (1997). 

54. Geissler, H. J., Mehlhorn, U., Laine, G. A. & 

Allen, S. The effect of cardiopulmonary 

lymphatic obstruction on heart and lung function. 

Y. Cui, J.D. Urschel, and N. J. Petrelli; Thorac 

Cardiov Surg 2001; 49:35-40. Thorac. 

Cardiovasc. Surg. 49, 384 (2001). 

55. Julien, P., Downar, E. & Angel, A. Lipoprotein 

composition and transport in the pig and dog 

cardiac lymphatic system. Circ. Res. 49, 248–254 

(1981). 

56. Barrett, T., Choyke, P. L. & Kobayashi, H. 

Imaging of the lymphatic system: new horizons. 

Contrast Media Mol. Imaging 1, 230–245 (2006). 

57. Lucarelli, R. T. et al. New approaches to 

lymphatic imaging. Lymphat. Res. Biol. 7, 205–

214 (2009). 

58. Martel, C. et al. Photoacoustic lymphatic imaging 

with high spatial-temporal resolution. J. Biomed. 

Opt. 19, 116009–116009 (2014). 

59. Perin, E. C. et al. Imaging long-term fate of 

intramyocardially implanted mesenchymal stem 

cells in a porcine myocardial infarction model. 

PloS One 6, e22949 (2011). 

60. Santos, A. C. et al. Cardiac lymphatic dynamics 

after ischemia and reperfusion--experimental 

model. Nucl. Med. Biol. 25, 685–688 (1998). 

61. Zawieja, S. D., Castorena-Gonzalez, J. A., Dixon, 

B. & Davis, M. J. Experimental Models Used to 

Assess Lymphatic Contractile Function. Lymphat. 

Res. Biol. 15, 331–342 (2017). 

62. Leeds, S. E. & Uhley, H. N. Measurement of 

lymph flow of the heart. Lymphology 4, 31–34 

(1971). 

63. Miller, A. J., Pick, R. & Johnson, P. J. The rates 

of formation of cardiac lymph and pericardial 

fluid after the production of myocardial venous 

congestion in dogs. Lymphology 5, 156–160 

(1972). 



 

17 

 

64. Mehlhorn, U., Geissler, H. J., Laine, G. A. & 

Allen, S. J. Myocardial fluid balance. Eur. J. 

Cardio-Thorac. Surg. Off. J. Eur. Assoc. Cardio-

Thorac. Surg. 20, 1220–1230 (2001). 

65. Laine, G. A. & Granger, H. J. Microvascular, 

interstitial, and lymphatic interactions in normal 

heart. Am. J. Physiol. 249, H834-842 (1985). 

66. Feola, M. & Lefer, A. M. Alterations in cardiac 

lymph dynamics in acute myocardial ischemia in 

dogs. J. Surg. Res. 23, 299–305 (1977). 

67. Nakamura, K. & Rockson, S. G. The role of the 

lymphatic circulation in the natural history and 

expression of cardiovascular disease. Int. J. 

Cardiol. 129, 309–317 (2008). 

68. Kim, H., Kataru, R. P. & Koh, G. Y. Regulation 

and implications of inflammatory 

lymphangiogenesis. Trends Immunol. 33, 350–

356 (2012). 

69. Yeo, K. P. & Angeli, V. Bidirectional Crosstalk 

between Lymphatic Endothelial Cell and T Cell 

and Its Implications in Tumor Immunity. Front. 

Immunol. 8, (2017). 

70. Frangogiannis, N. G. The inflammatory response 

in myocardial injury, repair, and remodelling. 

Nat. Rev. Cardiol. 11, 255–265 (2014). 

71. Hulsmans, M., Sam, F. & Nahrendorf, M. 

Monocyte and macrophage contributions to 

cardiac remodeling. J. Mol. Cell. Cardiol. 93, 

149–155 (2016). 

72. Meng, X. et al. Regulatory T cells in 

cardiovascular diseases. Nat. Rev. Cardiol. 13, 

167–179 (2016). 

73. Ruparelia, N., Chai, J. T., Fisher, E. A. & 

Choudhury, R. P. Inflammatory processes in 

cardiovascular disease: a route to targeted 

therapies. Nat. Rev. Cardiol. 14, 133–144 (2017). 

74. von Knobelsdorff-Brenkenhoff, F. & Schulz-

Menger, J. Cardiovascular magnetic resonance 

imaging in ischemic heart disease. J. Magn. 

Reson. Imaging 36, 20–38 (2012). 

75. Croisille, P., Kim, H. W. & Kim, R. J. 

Controversies in cardiovascular MR imaging: T2-

weighted imaging should not be used to delineate 

the area at risk in ischemic myocardial injury. 

Radiology 265, 12–22 (2012). 

76. Mavrogeni, S. et al. T1 and T2 Mapping in 

Cardiology: ‘Mapping the Obscure Object of 

Desire’. Cardiology 138, 207–217 (2017). 

77. Lota, A. S., Gatehouse, P. D. & Mohiaddin, R. H. 

T2 mapping and T2* imaging in heart failure. 

Heart Fail. Rev. 22, 431–440 (2017). 

78. Verbrugge, F. H. et al. Global myocardial 

oedema in advanced decompensated heart failure. 

Eur. Heart J. Cardiovasc. Imaging 18, 787–794 

(2017). 

79. Mehlhorn, U., Davis, K. L., Laine, G. A., 

Geissler, H. J. & Allen, S. J. Myocardial fluid 

balance in acute hypertension. Microcirc. N. Y. N 

1994 3, 371–378 (1996). 



 

18 

 

80. Nishii, T. et al. Cardiovascular magnetic 

resonance T2 mapping can detect myocardial 

edema in idiopathic dilated cardiomyopathy. Int. 

J. Cardiovasc. Imaging 30 Suppl 1, 65–72 

(2014). 

81. Baeßler, B. et al. Mapping tissue inhomogeneity 

in acute myocarditis: a novel analytical approach 

to quantitative myocardial edema imaging by T2-

mapping. J. Cardiovasc. Magn. Reson. Off. J. 

Soc. Cardiovasc. Magn. Reson. 17, 115 (2015). 

82. Nilsson, J. C. Sustained postinfarction myocardial 

oedema in humans visualised by magnetic 

resonance imaging. Heart 85, 639–642 (2001). 

83. Carberry, J. et al. Persistence of Infarct Zone T2 

Hyperintensity at 6 Months After Acute ST-

Segment-Elevation Myocardial Infarction: 

Incidence, Pathophysiology, and Prognostic 

Implications. Circ. Cardiovasc. Imaging 10, 

(2017). 

84. Desai, K. V. et al. Mechanics of the left 

ventricular myocardial interstitium: effects of 

acute and chronic myocardial edema. Am. J. 

Physiol. Heart Circ. Physiol. 294, H2428-2434 

(2008). 

85. Dongaonkar, R. M., Stewart, R. H., Geissler, H. 

J. & Laine, G. A. Myocardial microvascular 

permeability, interstitial oedema, and 

compromised cardiac function. Cardiovasc. Res. 

87, 331–339 (2010). 

86. Kline, I. K., Miller, A. J. & Katz, L. N. Cardiac 

lymph flow impairment and myocardial fibrosis. 

Effects of chronic obstruction in dogs. Arch. 

Pathol. 76, 424–433 (1963). 

87. Ludwig, L. L. et al. Impairment of left ventricular 

function by acute cardiac lymphatic obstruction. 

Cardiovasc. Res. 33, 164–171 (1997). 

88. Kong, D., Kong, X. & Wang, L. Effect of cardiac 

lymph flow obstruction on cardiac collagen 

synthesis and interstitial fibrosis. Physiol. Res. 

55, 253–258 (2006). 

89. Dashkevich, A., Bloch, W., Antonyan, A., Fries, 

J. U. W. & Geissler, H. J. Morphological and 

quantitative changes of the initial myocardial 

lymphatics in terminal heart failure. Lymphat. 

Res. Biol. 7, 21–27 (2009). 

90. Niinimäki, E., Mennander, A. A., Paavonen, T. & 

Kholová, I. Lymphangiogenesis is increased in 

heart valve endocarditis. Int. J. Cardiol. 219, 

317–321 (2016). 

91. Syväranta, S., Helske, S., Lappalainen, J., Kupari, 

M. & Kovanen, P. T. Lymphangiogenesis in 

aortic valve stenosis--novel regulatory roles for 

valvular myofibroblasts and mast cells. 

Atherosclerosis 221, 366–374 (2012). 

92. Geissler, H. J. et al. First year changes of 

myocardial lymphatic endothelial markers in 

heart transplant recipients. Eur. J. Cardio-

Thorac. Surg. Off. J. Eur. Assoc. Cardio-Thorac. 

Surg. 29, 767–771 (2006). 



 

19 

 

93. Wong, B. W., Wong, D., Luo, H. & McManus, B. 

M. Vascular endothelial growth factor-D is 

overexpressed in human cardiac allograft 

vasculopathy and diabetic atherosclerosis and 

induces endothelial permeability to low-density 

lipoproteins in vitro. J. Heart Lung Transplant. 

Off. Publ. Int. Soc. Heart Transplant. 30, 955–

962 (2011). 

94. Park, J.-H. et al. Endothelial progenitor cell 

transplantation decreases lymphangiogenesis and 

adverse myocardial remodeling in a mouse model 

of acute myocardial infarction. Exp. Mol. Med. 

43, 479–485 (2011). 

95. Cimini, M., Cannatá, A., Pasquinelli, G., Rota, 

M. & Goichberg, P. Phenotypically 

heterogeneous podoplanin-expressing cell 

populations are associated with the lymphatic 

vessel growth and fibrogenic responses in the 

acutely and chronically infarcted myocardium. 

PloS One 12, e0173927 (2017). 

96. Tatin, F. et al. Apelin modulates pathological 

remodeling of lymphatic endothelium after 

myocardial infarction. JCI Insight 2, (2017). 

97. Nykänen, A. I. et al. Targeting lymphatic vessel 

activation and CCL21 production by vascular 

endothelial growth factor receptor-3 inhibition 

has novel immunomodulatory and 

antiarteriosclerotic effects in cardiac allografts. 

Circulation 121, 1413–1422 (2010). 

98. Dashkevich, A. et al. Ischemia-Reperfusion 

Injury Enhances Lymphatic Endothelial VEGFR3 

and Rejection in Cardiac Allografts. Am. J. 

Transplant. Off. J. Am. Soc. Transplant. Am. Soc. 

Transpl. Surg. 16, 1160–1172 (2016). 

99. Greiwe, L., Vinck, M. & Suhr, F. The muscle 

contraction mode determines lymphangiogenesis 

differentially in rat skeletal and cardiac muscles 

by modifying local lymphatic extracellular matrix 

microenvironments. Acta Physiol. Oxf. Engl. 217, 

61–79 (2016). 

100. Khan, S., Khan, S., Baboota, S. & Ali, J. 

Immunosuppressive drug therapy--

biopharmaceutical challenges and remedies. 

Expert Opin. Drug Deliv. 12, 1333–1349 (2015). 

101. Ebata, R. et al. Increased production of vascular 

endothelial growth factor-d and 

lymphangiogenesis in acute Kawasaki disease. 

Circ. J. Off. J. Jpn. Circ. Soc. 75, 1455–1462 

(2011). 

102. Lupinski, R. W. Aortic fat pad and atrial 

fibrillation: cardiac lymphatics revisited. ANZ J. 

Surg. 79, 70–74 (2009). 

103. Miller, A. J., DeBoer, A. & Palmer, A. The role 

of the lymphatic system in coronary 

atherosclerosis. Med. Hypotheses 37, 31–36 

(1992). 

104. Sacchi, G., Weber, E. & Comparini, L. 

Histological framework of lymphatic vasa 



 

20 

 

vasorum of major arteries: an experimental study. 

Lymphology 23, 135–139 (1990). 

105. Sano, M. et al. Topologic distributions of vasa 

vasorum and lymphatic vasa vasorum in the 

aortic adventitia--Implications for the prevalence 

of aortic diseases. Atherosclerosis 247, 127–134 

(2016). 

106. Hjelms, E., Nordestgaard, B. G., Stender, S. & 

Kjeldsen, K. A surgical model to study in vivo 

efflux of cholesterol from porcine aorta. Evidence 

for cholesteryl ester transfer through the aortic 

wall. Atherosclerosis 77, 239–249 (1989). 

107. Lim, H. Y. et al. Lymphatic vessels are essential 

for the removal of cholesterol from peripheral 

tissues by SR-BI-mediated transport of HDL. 

Cell Metab. 17, 671–684 (2013). 

108. Martel, C. et al. Lymphatic vasculature mediates 

macrophage reverse cholesterol transport in mice. 

J. Clin. Invest. 123, 1571–1579 (2013). 

109. Lemole, G. M. The role of lymphstasis in 

atherogenesis. Ann. Thorac. Surg. 31, 290–293 

(1981). 

110. Nakano, T. et al. Angiogenesis and 

lymphangiogenesis and expression of 

lymphangiogenic factors in the atherosclerotic 

intima of human coronary arteries. Hum. Pathol. 

36, 330–340 (2005). 

111. Drozdz, K. et al. Adventitial lymphatics and 

atherosclerosis. Lymphology 45, 26–33 (2012). 

112. Grzegorek, I. et al. Arterial wall 

lymphangiogenesis is increased in the human 

iliac atherosclerotic arteries: involvement of 

CCR7 receptor. Lymphat. Res. Biol. 12, 222–231 

(2014). 

113. Rademakers, T. et al. Adventitial lymphatic 

capillary expansion impacts on plaque T cell 

accumulation in atherosclerosis. Sci. Rep. 7, 

45263 (2017). 

114. Rutanen, J. et al. Vascular endothelial growth 

factor-D expression in human atherosclerotic 

lesions. Cardiovasc. Res. 59, 971–979 (2003). 

115. Taher, M. et al. Phenotypic transformation of 

intimal and adventitial lymphatics in 

atherosclerosis: a regulatory role for soluble 

VEGF receptor 2. FASEB J. Off. Publ. Fed. Am. 

Soc. Exp. Biol. 30, 2490–2499 (2016). 

116. Vuorio, T. et al. Lymphatic vessel insufficiency 

in hypercholesterolemic mice alters lipoprotein 

levels and promotes atherogenesis. Arterioscler. 

Thromb. Vasc. Biol. 34, 1162–1170 (2014). 

117. Simons, M. & Ware, J. A. Therapeutic 

angiogenesis in cardiovascular disease. Nat. Rev. 

Drug Discov. 2, 863–872 (2003). 

118. Ennett, A. B. & Mooney, D. J. Tissue engineering 

strategies for in vivo neovascularisation. Expert 

Opin. Biol. Ther. 2, 805–818 (2002). 

119. Mao, A. S. & Mooney, D. J. Regenerative 

medicine: Current therapies and future directions. 



 

21 

 

Proc. Natl. Acad. Sci. U. S. A. 112, 14452–14459 

(2015). 

120. Ylä-Herttuala, S. & Baker, A. H. Cardiovascular 

Gene Therapy: Past, Present, and Future. Mol. 

Ther. J. Am. Soc. Gene Ther. 25, 1095–1106 

(2017). 

121. Jeltsch, M. et al. CCBE1 enhances 

lymphangiogenesis via A disintegrin and 

metalloprotease with thrombospondin motifs-3-

mediated vascular endothelial growth factor-C 

activation. Circulation 129, 1962–1971 (2014). 

122. Bui, H. M. et al. Proteolytic activation defines 

distinct lymphangiogenic mechanisms for 

VEGFC and VEGFD. J. Clin. Invest. 126, 2167–

2180 (2016). 

123. Jha, S. K. et al. Efficient activation of the 

lymphangiogenic growth factor VEGF-C requires 

the C-terminal domain of VEGF-C and the N-

terminal domain of CCBE1. Sci. Rep. 7, 4916 

(2017). 

124. Joukov, V. et al. Proteolytic processing regulates 

receptor specificity and activity of VEGF-C. 

EMBO J. 16, 3898–3911 (1997). 

125. Zhou, Q. et al. Vascular endothelial growth factor 

C attenuates joint damage in chronic 

inflammatory arthritis by accelerating local 

lymphatic drainage in mice. Arthritis Rheum. 63, 

2318–2328 (2011). 

126. Tammela, T. et al. Therapeutic differentiation 

and maturation of lymphatic vessels after lymph 

node dissection and transplantation. Nat. Med. 13, 

1458–1466 (2007). 

127. Heinolainen, K. et al. VEGFR3 Modulates 

Vascular Permeability by Controlling 

VEGF/VEGFR2 Signaling. Circ. Res. 120, 1414–

1425 (2017). 

128. Saaristo, A. et al. Lymphangiogenic gene therapy 

with minimal blood vascular side effects. J. Exp. 

Med. 196, 719–730 (2002). 

129. Toivanen, P. I. et al. Novel vascular endothelial 

growth factor D variants with increased 

biological activity. J. Biol. Chem. 284, 16037–

16048 (2009). 

130. Anisimov, A. et al. Activated forms of VEGF-C 

and VEGF-D provide improved vascular function 

in skeletal muscle. Circ. Res. 104, 1302–1312 

(2009). 

131. Goichberg, P. Therapeutic lymphangiogenesis 

after myocardial infarction: vascular endothelial 

growth factor-C paves the way. J. Thorac. Dis. 8, 

1904–1907 (2016). 

132. Losordo, D. W. et al. Phase 1/2 placebo-

controlled, double-blind, dose-escalating trial of 

myocardial vascular endothelial growth factor 2 

gene transfer by catheter delivery in patients with 

chronic myocardial ischemia. Circulation 105, 

2012–2018 (2002). 

133. Witzenbichler, B. et al. Vascular Endothelial 

Growth Factor-C (VEGF-C/VEGF-2) Promotes 



 

22 

 

Angiogenesis in the Setting of Tissue Ischemia. 

Am. J. Pathol. 153, 381–394 (1998). 

134. Carmeliet, P. & Conway, E. M. Growing better 

blood vessels. Nat. Biotechnol. 19, 1019–1020 

(2001). 

135. Simons, M. & Eichmann, A. Molecular controls 

of arterial morphogenesis. Circ. Res. 116, 1712–

1724 (2015). 

136. Cao, R. et al. Collaborative interplay between 

FGF-2 and VEGF-C promotes 

lymphangiogenesis and metastasis. Proc. Natl. 

Acad. Sci. 109, 15894–15899 (2012). 

137. Hartikainen, J. et al. Adenoviral intramyocardial 

VEGF-DΔNΔC gene transfer increases 

myocardial perfusion reserve in refractory angina 

patients: a phase I/IIa study with 1-year follow-

up. Eur. Heart J. 38, 2547–2555 (2017). 

138. Bianchi, R. et al. Postnatal Deletion of 

Podoplanin in Lymphatic Endothelium Results in 

Blood Filling of the Lymphatic System and 

Impairs Dendritic Cell Migration to Lymph 

Nodes. Arterioscler. Thromb. Vasc. Biol. 37, 

108–117 (2017). 

139. Stein, J. V. & Nombela-Arrieta, C. Chemokine 

control of lymphocyte trafficking: a general 

overview. Immunology 116, 1–12 (2005). 

140. Ohl, L. et al. CCR7 governs skin dendritic cell 

migration under inflammatory and steady-state 

conditions. Immunity 21, 279–288 (2004). 

141. Kiermaier, E. et al. Polysialylation controls 

dendritic cell trafficking by regulating chemokine 

recognition. Science 351, 186–190 (2016). 

142. Aebischer, D., Iolyeva, M. & Halin, C. The 

inflammatory response of lymphatic endothelium. 

Angiogenesis 17, 383–393 (2014). 

143. Haemmerle, M. et al. Enhanced Lymph Vessel 

Density, Remodeling, and Inflammation Are 

Reflected by Gene Expression Signatures in 

Dermal Lymphatic Endothelial Cells in Type 2 

Diabetes. Diabetes 62, 2509–2529 (2013). 

144. Girard, J.-P., Moussion, C. & F?rster, R. HEVs, 

lymphatics and homeostatic immune cell 

trafficking in lymph nodes. Nat. Rev. Immunol. 

12, 762–773 (2012). 

145. Teijeira, A. et al. T Cell Migration from Inflamed 

Skin to Draining Lymph Nodes Requires 

Intralymphatic Crawling Supported by ICAM-

1/LFA-1 Interactions. Cell Rep. 18, 857–865 

(2017). 

146. Chakraborty, S., Zawieja, S., Wang, W., Zawieja, 

D. C. & Muthuchamy, M. Lymphatic system: a 

vital link between metabolic syndrome and 

inflammation: Roles of lymphatics in metabolic 

syndrome. Ann. N. Y. Acad. Sci. 1207, E94–E102 

(2010). 

147. Palframan, R. T. et al. Inflammatory chemokine 

transport and presentation in HEV: a remote 

control mechanism for monocyte recruitment to 



 

23 

 

lymph nodes in inflamed tissues. J. Exp. Med. 

194, 1361–1373 (2001). 

148. Kataru, R. P. et al. Critical role of CD11b+ 

macrophages and VEGF in inflammatory 

lymphangiogenesis, antigen clearance, and 

inflammation resolution. Blood 113, 5650–5659 

(2009). 

149. D’Alessio, S. et al. VEGF-C-dependent 

stimulation of lymphatic function ameliorates 

experimental inflammatory bowel disease. J. 

Clin. Invest. 124, 3863–3878 (2014). 

150. Tewalt, E. F., Cohen, J. N., Rouhani, S. J. & 

Engelhard, V. H. Lymphatic endothelial cells - 

key players in regulation of tolerance and 

immunity. Front. Immunol. 3, (2012). 

151. Christiansen, A. J. et al. Lymphatic endothelial 

cells attenuate inflammation via suppression of 

dendritic cell maturation. Oncotarget 7, 39421–

39435 (2016). 

152. Trevaskis, N. L., Kaminskas, L. M. & Porter, C. 

J. H. From sewer to saviour - targeting the 

lymphatic system to promote drug exposure and 

activity. Nat. Rev. Drug Discov. 14, 781–803 

(2015). 

153. Tamburini, B. A., Burchill, M. A. & Kedl, R. M. 

Antigen capture and archiving by lymphatic 

endothelial cells following vaccination or viral 

infection. Nat. Commun. 5, 3989 (2014). 

154. Dietrich, T. et al. Cutting edge: lymphatic 

vessels, not blood vessels, primarily mediate 

immune rejections after transplantation. J. 

Immunol. Baltim. Md 1950 184, 535–539 (2010). 

155. Dieterich, L. C. et al. Tumor-Associated 

Lymphatic Vessels Upregulate PDL1 to Inhibit 

T-Cell Activation. Front. Immunol. 8, 66 (2017). 

156. Bouta, E. M. et al. Brief Report: Treatment of 

Tumor Necrosis Factor-Transgenic Mice With 

Anti-Tumor Necrosis Factor Restores Lymphatic 

Contractions, Repairs Lymphatic Vessels, and 

May Increase Monocyte/Macrophage Egress. 

Arthritis Rheumatol. 69, 1187–1193 (2017). 

157. Liao, S. et al. Impaired lymphatic contraction 

associated with immunosuppression. Proc. Natl. 

Acad. Sci. 108, 18784–18789 (2011). 

158. Jantsch, J., Binger, K. J., M??ller, D. N. & Titze, 

J. Macrophages in homeostatic immune function. 

Front. Physiol. 5, (2014). 

159. Van der Borght, K. et al. Myocardial Infarction 

Primes Autoreactive T Cells through Activation 

of Dendritic Cells. Cell Rep. 18, 3005–3017 

(2017). 

160. Angeli, V. et al. B Cell-Driven 

Lymphangiogenesis in Inflamed Lymph Nodes 

Enhances Dendritic Cell Mobilization. Immunity 

24, 203–215 (2006). 

161. Ghanta, S. et al. Regulation of inflammation and 

fibrosis by macrophages in lymphedema. Am. J. 

Physiol. Heart Circ. Physiol. 308, H1065-1077 

(2015). 



 

24 

 

162. Cao, Y. Opinion: emerging mechanisms of 

tumour lymphangiogenesis and lymphatic 

metastasis. Nat. Rev. Cancer 5, 735–743 (2005). 

163. Kataru, R. P. et al. T lymphocytes negatively 

regulate lymph node lymphatic vessel formation. 

Immunity 34, 96–107 (2011). 

164. Weichand, B. et al. S1PR1 on tumor-associated 

macrophages promotes lymphangiogenesis and 

metastasis via NLRP3/IL-1β. J. Exp. Med. 214, 

2695–2713 (2017). 

165. Baluk, P. et al. Transgenic overexpression of 

interleukin-1β induces persistent 

lymphangiogenesis but not angiogenesis in 

mouse airways. Am. J. Pathol. 182, 1434–1447 

(2013). 

166. Ristimäki, A., Narko, K., Enholm, B., Joukov, V. 

& Alitalo, K. Proinflammatory cytokines regulate 

expression of the lymphatic endothelial mitogen 

vascular endothelial growth factor-C. J. Biol. 

Chem. 273, 8413–8418 (1998). 

167. Ji, H. et al. TNFR1 mediates TNF-α-induced 

tumour lymphangiogenesis and metastasis by 

modulating VEGF-C-VEGFR3 signalling. Nat. 

Commun. 5, 4944 (2014). 

  



 

25 

 

Figures & Boxes 

Fig. 1. Structure of lymphatic vessel drainage pathway. Schematic illustration of the 

organization of lymphatic capillaries (a) and a collector vessel (b) including outline of a 

lymphangion and schematic view of its contractile function that drives lymph propagation 

towards the draining lymph node (dLN), illustration of major cardiac lymphatic trunks and 

dLNs around the base of the heart (c), and the lymphatic return to the venous system 

through the thoracic duct/subclavian vein junctions (d). 
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Fig. 2. Lymphatic vasculature in the heart. Illustration of superficial lymphatics (a) in a 

human heart38 (lymphatic vessels in white), and of the intramyocardial plexus (b) in a dog 

heart2 (lymphatic vessels in green), and examples of the superficial lymphatic network in 

healthy rat (c, lymphatic vessels in brown), and mouse (d-f, lymphatic vessels in green) 

hearts visualized by immunohistochemical whole-mount staining of the lymphatic marker 

LYVE1 (c-f) revealed by light transmission microscopy (c), light sheet ultramicroscopy (d, e), 

and confocal microscopy (f). Lymphatics (LYVE1+) are shown in green and arteries (alpha-

smooth muscle actin+) in red (f). Scale bar: 1 mm in d; 200 µm in e, and 50 µm in f. 
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Fig. 3. Lymphatic function vs. edema in the heart. Examples of macroconfocal 
lymphangiography by intramyocardial injection of quantum dots as a lymphatic tracer13, and 
FITC-Dextrane as blood vascular tracer, in a healthy mouse heart (a). Scale bar 1 mm. 
Arrows point to actively draining precollector vessels. Illustration of cardiac lymphatic 
transport towards the dLNs (yellow) in an infarcted (blue zone) pig heart (b) visualized by 
MRI following intramyocardial injection of macromolecule-based gadolinium complexes 
coupled to a near-infrared probe (PG-Gd-NIRF813) contrast agent59. Microgravimetric 
evaluation (wet weight/dry weight ratios) of cardiac edema in the infarct versus in non-
infarcted left ventricle in a rat model of ischemia-reperfusion injury (c, adapted from13). 
Comparison with healthy sham controls using One-Way ANOVA showed significance at 
p<0.01, **; p<0.001 ***. Linear correlation of native MRI T2 mapping signal vs. 
microgravimetric measurement of cardiac water content in rat hearts at 1 or 16 weeks post-
MI (d, adapted from13). 
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Fig. 4. Perivascular lymphatics in atherosclerosis. Schematic illustration of the 

organization of the lymphatic vasa vasorum in the adventitial layer of a large artery with 

extension of lymphatic capillaries towards the expanded inflamed media of an atherosclerotic 

plaque (a), example of peri-aortic lymphatics in the ascending aortic arch in mouse revealed 

by whole mount staining for the lymphatic marker LYVE1 (b, lymphatics in green, white 

arrows indicate aortic wall limits), Scale bar= 500 µm. Adventitial lymphatics participate in 

reverse cholesterol transport from the artery wall by uptake of HDL particles (c, adapted 

from26). 
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BOX 1. Molecular regulation of lymphangiogenesis. 
Lymphatic endothelial cells (LEC) selectively express vascular endothelial growth factor 
receptor (VEGFR)-3, which is activated by VEGF-C and VEGF-D, leading to stimulation of 
cell migration, proliferation and lymphatic development, controlled by the SOX18 and Prox1 
transcription factors. The receptor-specificity and affinity of VEGF-C and VEGF-D are 
regulated by extracellular proteases, ADAMTS3 and as of yet partially characterized serine 
proteases, respectively121, which cleave the growth factor pro-proteins to generate fully 
mature forms that also can activate VEGFR2, expressed by both blood vascular endothelial 
cells (BEC) and LECs. The bioactivity of VEGF-C and VEGF-D is can be inhibited by soluble 
VEGFR2 (sVEGFR2) and sVEGFR3 that modulate extracellular growth factor gradients. 
Other LEC markers include Podoplanin, which binds platelet-derived CLEC-2138, and 
LYmphatic VEssel hyaluronan receptor (LYVE-1), which binds hyaluronan. LECs also 
express many other common transmembrane growth factor receptors including fibroblast 
growth factor receptor (FGFR1), angiopoietin receptors Tie1/Tie2, and transforming growth 
factor β receptor (TGFβR). 

 

 

BOX 2. Lymphatic regulation of immune responses. 
The uptake and drainage by lymphatics of immune cells patrolling tissues is controlled by 
several processes68: 1) Capillary LECs secrete chemotactic molecules that selectively attract 
different immune cell populations expressing their cognate receptors139 (e.g. CCL21 and 
CX3CL1 to attract CCR7- and CX3CR1-expressing cells, notably DCs140,141 and T cells69,142; 
CXCL12, CCL2, and CXCL10 to attract CXCR4-, CCR2- or CXCR3-expressing myeloid 

cells143; but also lipid mediators such as sphingosine 1-phosphate (S1P) that attracts S1P-
receptor-expressing lymphocytes, notably memory T cells144); 2) Capillary LECs express 
adhesion molecules essential for immune cell crawling during the initial steps of 
intralymphatic diapedesis145; 3) depending on the structure and function of the lymphatic 
precollector and collector vessels, intralymphatic pressure gradients are generated to further 
propel the immune cells towards draining lymph nodes (dLN)146.  In addition to lymphatic 
modulation of immune cell reuptake and transport, the passive absorption and drainage 
of tissue-derived antigens and pro-inflammatory cytokines and tissue-infiltrating pathogens in 
lymph147, influences the duration of the local inflammatory process as well as the type and 
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amplitude of the immune response initiated in the dLN148,149. Indeed, efficient lymphatic 
transport of antigen presenting cells, such as DCs, to the dLN, complemented by direct 
antigen presentation by LECs in the lymph node lymphatics150, is required to generate 
adaptive immune responses that ensure adequate host defense. Activated LECs may also 
produce and release anti-inflammatory mediators, including prostacyclins151, that modulate 
locally the maturation and activation of infiltrating immune cells including DCs and CD8+ T 
cells.   In strong support for the key roles of lymphatics in immune regulation, a multitude of 
studies have revealed that inhibition of lymphangiogenesis delays, and stimulation of 
lymphangiogenesis accelerates, inflammatory resolution16,29,68,151. Furthermore, as a 
consequence of this potent immune-modulatory activity, lymphatic-targeted vaccines have 
shown great potential for future development152,153. Conversely, graft lymphangiogenesis may 
adversely contribute to transplant rejection92,97,154. Interestingly, inefficient immune responses 
due to downregulation of costimulatory molecules and upregulation of the T-cell inhibitory 
molecule PD-L1 in LECs in tumor-draining lymphatics may actively contribute to tumor 
immune evasion155. This suggests that host immune responses can be modulated 
therapeutically without compromising the other homeostatic functions of lymphatics in the 
graft during organ transplantation. 

BOX 3. Immune cell regulation of lymphatic function and remodeling. 

Experimental studies have revealed that immune cell-derived pro-inflammatory mediators 
released during an acute immune reaction, including TNFα, IL1β, and IFNγ but also nitric 
oxide (NO.) produced at high levels by inducible nitric oxidase synthase (iNOS)-expressing 
cells, leads to lymphatic transport dysfunction156. Indeed, in vivo imaging studies have 
shown that inflammatory cytokines induce button to zipper transformation of LEC junctions 
and acute inflammation is often associated with reduced precollector/collector pumping with 
a reduction of the frequency and/or amplitude in lymphangion contractions. For example, in a 
mouse model of acute contact dermatitis, skin-infiltrating monocyte-mediated regional 
overproduction of NO. overwhelms local lymphatic physiological gradients created by LECs. 
This leads to inhibition of LMC contractility and thus reduced lymphatic drainage157. Together 
with increased ultrafiltration, due to blood capillary hyperpermeability accompanying tissue 
injury, infection or ischemia, the stagnation of tissue fluid due to inefficient lymphatic 
drainage causes the build-up of regional edema, one of the cardinal signs of inflammation. 
Interestingly, this increase in interstitial fluid and osmotic pressures may act to amplify local 
immune responses through activation of osmotically-sensitive immune cells158. The 
physiological explanation for this phenomenon of lymphatic transport shutdown during acute 
inflammation is the sequestration of danger signals (PAMPs and DAMPs) at the site of injury 
in order to limit systemic disease in the case of infection. Further, this mechanism will also 
act to limit the spread of auto-antigens following tissue injury, that otherwise could cause a 
break of self-tolerance with induction of autoimmune responses initiated in dLNs. 
Interestingly, a determinant role for cardiac DC subsets was recently shown in a mouse MI 
model in inducing autoreactive T cell expansion in cardiac dLNs159. This would suggest that 
initial reduction of cardiac lymphatic drainage acutely post-MI may be beneficial to limit T 
cell-mediated targeting of myocardial autoantigens, although it comes at the expense of 
increasing local inflammation and edema in the heart. Beyond impacting lymphatic function, 
immune cells also actively participate in regulation of lymphangiogenesis: while B cells160 
and myeloid cells161 may be a rich source of VEGF-C, they also secrete other factors that 
stimulate lymphangiogenesis. For example, tumor-associated macrophages may produce 
pro-angiogenic and pro-lymphangiogenic factors, including VEGFs, IGFs and PDGFs, driving 
both tumor angiogenesis and lymphangiogenesis162. On the other hand, T lymphocytes, 
notably CD4+ helper T cells, suppress lymphangiogenesis in lymph nodes and in other 
tissues163,69. Further, although many pro-inflammatory mediators reduce lymphatic function, 
they may paradoxically also stimulate lymphangiogenesis indirectly. For example, S1P 
signaling in non-classical CD206+ tumor-associated macrophages was recently shown to 
induce IL1β-mediated upregulation of VEGF-C in LECs, leading to autocrine stimulation of 
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VEGFR3 signaling164. Similarly, in a model of airway inflammation in mice, IL1β 
overexpression potently drives VEGF-C/-D-dependent lymphatic expansion165. Another 
example is TNFα that induces VEGF-C production166, for example in macrophages, leading 
to stimulation of lymphangiogenesis167. In conclusion, it is now evident that the immune 
system and the lymphatic network are dynamically linked at multiple levels, with a complex 
interplay that is highly context dependent in that inflammation may either drive or 
suppress lymphatic function and remodeling, and conversely that lymphatic drainage 
and lymphangiogenesis may accelerate inflammatory resolution, but also promote 
immunity. It remains to be determined how cardiac lymphatics impact acute or chronic 
inflammation in the heart, and conversely what the roles are for immune cells and 
inflammatory mediators in cardiac lymphangiogenesis during development and in 
cardiovascular diseases. 


