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ABSTRACT

Over the past decade, molecular details of lymphatic vessels (lymphatics) have been rapidly acquired due 
to the identification of lymphatic endothelial-specific markers. Separate from the cardiovascular system, the 
lymphatic system is also an elaborate network of vessels that are important in normal physiology. Lymphatic 
vessels have the unique task to regulate fluid homeostasis, assist in immune surveillance, and transport dietary 
lipids. However, dysfunctional lymphatic vessels can cause pathology, while normal lymphatics can exacerbate 
pathology. This review summarizes the development and growth of lymphatic vessels in addition to highlighting 
their critical roles in physiology and pathology. Also, we discuss recent work that suggests a connection between 
lymphatic dysfunction and cardiovascular disease.
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immune surveillance, transport of  nutrients from the 
intestine, and regulation of  tissue pressure. Furthermore, 
the blood and lymphatic vasculatures are fundamentally 
different in their mode of  operation. The blood system 
is a closed circuit system of  high pressure that transports  
its content throughout the body, with the heart providing 
the force necessary for circulation. On the other hand, the 
lymphatic system is a unidirectional, low-pressure system 
that is relatively “passive” in its mode of  action. Hence, 
lymph is propelled forward by respiration, skeletal muscle 
contraction, and intrinsic contraction of  smooth muscle 
cells that surround the larger collecting lymphatic vessels. 
Unlike blood capillaries, lymphatic capillaries are more 
firmly attached to the extracellular matrix by anchoring 
filaments. Despite their functional and morphological 
differences, they do have some characteristics in common. 
Similar to blood vessels, larger lymphatic vessels contain 
a basement membrane in addition to valves that aid in 
unidirectional flow. In addition, certain signaling molecules 
common to both vasculatures  are necessary during 
development and tissue remodeling, as discussed later.

Lymphatic vessel development

For the most part, the molecular mechanisms that dictate 
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INTRODUCTION

Lymphatic vessels were described dating back to the 
17th century.[1] As the second component of  the human 
vasculature, they are less well characterized relative 
to blood vessels. At the turn of  the 21st century, the 
identification of  lymphatic endothelial markers such as 
Prox-1,[2] podoplanin,[3] and lymphatic vessel endothelial 
hyaluronan receptor-1 (LYVE-1)[4] has advanced study of  
lymphatic endothelial cells (LECs) during the past decade. 
For some time, it has been known that lymphatic vessels 
complement blood vessels by absorbing fluid, proteins, 
and cells (collectively known as lymph) from the interstitial 
space. Therefore, lymphatic vessels are found in most, but 
not all, vascularized tissues. However, it is appreciated that 
the lymphatic vasculature serves critical and nonredundant 
roles apart from the blood vascular system. It assists in 
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the development and growth of  lymphatic vessels contrast 
to those of  blood vessels. In the early 20th century, two 
models were put forward regarding how the lymphatic 
system develops. In 1902, Florence Sabin proposed that 
the blood vasculature gave rise to the lymphatic vasculature. 
Through meticulous ink-injection experiments, she 
concluded that the lymphatics originated in the cardinal 
vein of  fetal pigs, form lymph sacs that migrate toward the 
periphery, and form lymph vessels that spread throughout 
the body.[5] A few years later, Huntington and McClure 
proposed that lymphangioblasts form the original lymph 
sacs and later establish venous connections.[6] While 
there is evidence in non-mammalian species that suggest 
embryonic veins and mesenchymal lymphangioblasts 
contribute to lymphatic vessels, much molecular support 
for Sabin’s model has been generated thus far, in addition to 
lineage tracing experiments that further support the existing 
data that lymphatics are derived from the venous system.[7] 

In mouse development, a subset of  venous endothelial cells 
in the anterior cardinal vein express Sox-18, a member of  
the Sox family of  transcription factors, which have been 
shown to have a pivotal role in cardiovascular and blood 
vascular development.[8,9] Sox-18 is expressed in the cardinal 
vein at E9.0 in a subpopulation of  endothelial cells. Sox-18 
can then bind to the promoter of  Prox-1, also a homeobox 
transcription factor, to initiate the lymphatic specification 
program [Figure 1a]. In addition, Coup-TFII, an orphan 
nuclear receptor, assists in turning on and maintaining the 
expression of  Prox-1 [Figure 1a].[10] Prox-1 expression in 
this subset of  cells in the anterior cardinal vein around 
embryonic (E) 9.75 of  mouse development is necessary 
for these blood endothelial cells to subsequently commit 
to the LEC lineage.[2] After commitment to the lymphatic 
cell lineage, vascular endothelial growth factor receptor-3 
(VEGFR-3) is critical for sprouting and migration 
in response to its ligand, vascular endothelial growth 
factor-C [VEGF-C, Figure 1b].[11] Sprouting is necessary 
for the formation of  the primary lymph sacs [Figure 1c].
Peripheral lymphatic vessels are thought to subsequently 
form by centrifugal sprouting from the primary lymph 
sacs, followed by maturation of  large collecting lymphatic 
vessels [Figure 1e]. 

A cadre of  genes have been found to be important for each 
stage of  lymphatic development, which include lymphatic 
commitment, migration and proliferation, separation, 
and remodeling/maturation. These molecular mediators 
are thoroughly summarized elsewhere.[12]  Furthermore, 
recent work has suggested that micro-RNAs are involved 
in the regulation of  lymphatic vascular lineage-specific 
differentiation from blood ECs in vitro and lymphatic 

vascular development in vivo.[13,14] Also, attention has 
refocused on the role of  the hematopoietic system and 
its role in allowing lymphatic vessels to separate from 
blood vessels. Mice lacking certain signaling mediators 
have been shown to develop blood-lymphatic mixing 
during embryonic development.[15-18] This is the product 
of  misconnections between lymphatics and blood vessels. 
Podoplanin, a transmembrane glycoprotein and surface 
marker for lymphatic endothelium, has recently gained 
interest. Podoplanin allows aggregation of  platelets through 
interaction with the C-type lectin-like receptor 2 (CLEC-2) on 
platelets.[19,20] Recently, it was found that podoplanin-deficient 
mice phenocopy the blood-lymphatic mixing found in 
knockout mice other genes that are critical for separation of  
lymphatic vessels from blood vessels.[21-23] Therefore, platelets 
are also important for lymphatic separation from the blood 
endothelium [Figures 1c and 1d]. This has raised interesting 
questions concerning the nature of  the interactions between 
platelets and the endothelium during lymphatic separation. 
Further work is needed to characterize mechanisms of  
lymphatic development and determine if  similar mechanisms 
are recapitulated in pathological lymphangiogenesis.

THE PHYSIOLOGICAL ROLE OF LYMPHATICS

Lymphatics and fluid/fat uptake

Our cardiovascular system forces blood through the 
microcirculation. The dynamics of  blood pressure and 
osmotic pressure is responsible for leakage of  a relatively 
small amount of  fluid from the blood into the interstitial 
space. However, collectively, in humans, tissue fluid and 
lymph make up a volume of  approximately 12 liters.[24] 

In normal physiology, the blind-ended lymphatic vascular 
system drains this extravasated interstitial fluid from 
peripheral tissue and returns it to the blood. Through 
specialized junctions, the lymphatic capillaries are 
responsible for uptake of  this fluid along with immune 
cells, antigens, lipids, macromolecules, and particulate 
matter, collectively referred to as lymph,[24] once inside 
lymphatic vessels. Having little or no basement membrane, 
lymphatic capillaries are composed of  a single layer of  thin-
walled LECs[25] and are attached to the extracelluar matrix 
by anchoring filaments.[26,27] From the capillaries, lymph 
travels toward larger collecting lymphatic vessels, which are 
significantly different from lymphatic capillaries in that they 
have a basement membrane, contain intraluminal valves to 
ensure unidirectional flow, and are surrounded by smooth 
muscle cells, which serve as an intrinsic pump for lymphatic 
flow.[28] Indeed, removal of  this fluid is critical in order to 
conserve tissue homeostasis, as will be discussed later.


