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Abstract

The liver is the largest lymph producing organ. A significant increase in the number of hepatic 

lymphatic vessels, or lymphangiogenesis, has been reported in various liver diseases, including, 

but not limited to, cirrhosis, viral hepatitis and hepatocellular carcinoma. Despite its apparent 

relevance in healthy and diseased livers as these and other observations indicate, the hepatic 

lymphatic system has been poorly studied. With knowledge of the lymphatic system in other 

organs and tissues incorporated, this review article addresses the current knowledge of the hepatic 

lymphatic system and the potential role of lymphatic endothelial cells in the health and the disease 

of the liver and concludes with a brief description on future directions of the study of the hepatic 

lymphatic system.

Introduction

The liver is the largest lymph producing organ, accounting for 25%–50% of lymph passing 

through the thoracic duct.[1] The production of lymph increases up to 30-fold in cirrhotic 

patients with concomitant increases in the formation of new lymphatic vessels, i.e., 

lymphangiogenesis.[1,2] Despite its apparent relevance in healthy and diseased livers, little 

is known about the hepatic lymphatic system.[1,3,4]

The hepatic lymphatic system helps to remove waste products and immune cells derived 

from the sinusoidal microcirculation as well as hepatocytes and non-parenchymal cells in the 

form of lymph, by transporting lymph through lymphatic vessels to draining lymph nodes. 

The production of lymph in the liver is initiated by the filtration of plasma components 

through fenestrae of liver sinusoidal endothelial cells (LSECs) into the space of Disse, the 

interstitial space between LSECs and hepatocytes (Figure 1).[5,6] Approximately 80% of 

lymph in the space of Disse flows through the space of Mall, a space between the stroma of 

the portal tract and the outermost hepatocytes [7], and drains into lymphatic vessels in the 

portal tract [1,6] The rest of lymph in the space of Disse diffuses into the interstitium around 

the central vein or underneath the hepatic capsule. Thus, hepatic lymphatic vessels are 

mainly observed in the portal tract [1,6]. Hepatic lymphatic vessels are connected to one or 
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more draining lymph nodes outside the liver.[1] Antigen-presenting cells (APCs) including 

dendritic cells and macrophages in lymph interact with lymphocytes in draining lymph 

nodes, facilitating adaptive immune responses.[8]

The condition of the liver could impact on this series of events, including the production of 

lymph, lymphangiogenesis, contents of lymph and the subsequent immune response in 

draining lymph nodes. For example, the level of lymph production is proportional to the 

hydrostatic pressure within the sinusoidal microcirculation of the liver. In cirrhosis, the 

sinusoidal hydrostatic pressure increases due to an increase in resistance to sinusoidal blood 

flow, which subsequently increases plasma components filtrated through sinusoids and thus 

the formation of lymph.[9] However, the relevance of changes in lymph contents and 

lymphangiogenesis to the health and the disease of the liver is largely unknown.

In recent years, understanding of the lymphatic system has been advanced significantly in 

other organs and tissues, such as the skin, and cancer microenvironments, particularly in 

relation to phenotypic changes of lymphatic endothelial cells (LyECs) and how these 

phenotypic changes of LyECs relate to disease progression. With such knowledge 

incorporated, this review article summarizes the current knowledge of the hepatic lymphatic 

system and the potential role of LyECs in the health and the disease of the liver.

Contents of lymph

Contents of lymph mainly originate from plasma components of blood and contain immune 

cells and apoptotic cells as well as cellular products, including products of organ and cellular 

catabolism, proteins, peptides and lipids.[10] Proteins can be derived from intracellulrar 

sources (endosomes, Golgi, ER, mitochondria and cytoplasm), shed surface receptors, 

cytokines, chemokines and fragments of extracellular matrix proteins such as collagens.[10] 

In the liver, contents of lymph are regulated first by hydrostatic pressure in sinusoids and by 

LSECs. The presence of fenestrae in LSECs allows hepatic lymph to contain a higher 

protein concentration with approximately 90% of plasma proteins, compared to those of the 

intestine (approx. 70%) and peripheral tissues (approx. 60%).[11,12] Since substances 

secreted from hepatic cells such as hepatocytes, hepatic stellate cells, Kupffer cells and 

LSECs flow into the space of Disse, these substances also likely contribute to lymph 

contents. LyECs, which constitute lymphatic vessels, are also involved in the selection of 

lymph contents and can serve as a sort of final gatekeeper for cells and substances to be 

drained into lymph nodes.

Therefore, contents of lymph, particularly before passing through lymph nodes (i.e., pre-

nodal lymph), are local and could reflect properties of its producing organs. Accordingly, 

analysis of pre-nodal lymph could provide a molecular and cellular signature of organ 

specific lymph as well as more specific biomaterials related to the conditions of organs and 

tissues than the circulating blood could provide. Liver specific lymph contents are largely 

unknown.

Tanaka and Iwakiri Page 2

Curr Opin Immunol. Author manuscript; available in PMC 2020 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lymphatic endothelial cells in the liver

As mentioned, lymphatic vessels are primarily present in the portal tract area along with the 

portal vein, the hepatic artery and bile ducts (Figure 1). Specifically speaking, lymphatic 

vessels in the liver are lymphatic capillaries without smooth muscle cell/pericyte coverage. 

Therefore, lymphatic vessels can be identified by expression of LyEC markers, such as 

Lyve-1, Prox1 and podoplanin and by the absence of αSMA-positive cells (i.e., smooth 

muscle cells/pericytes). However, Lyve-1 is also expressed by LSECs and Prox1 is 

expressed by hepatocytes [13]. Therefore, the combination of Lyve-1 or Prox1 with 

podoplanin helps to distinguish hepatic lymphatic vessels clearly from other vessels and 

hepatocytes.

Regarding the origin of LyECs, in the embryo, the lymphatic endothelium arises from 

existing venous endothelial cells.[14] In normal postnatal liver, hematopoietic stem cells 

(HSCs) were shown to contribute to LyECs.[15] In this study, GFP-labeled hematopoietic 

stem cells (GFP-HSCs) were transplanted to irradiated recipient mice. These donor-derived 

GFP-HSCs were identified for 2.4 +/− 0.8% and 3.2 +/− 1.4% of the total LyECs in the liver 

1 month and >12 months after transplantation, respectively. This study also performed a 

parabiotic experiment, in which GFP mice and WT mice were surgically connected for 12 

weeks, and found GFP-positive LyECs in hepatic lymphatic vessels of WT mice, suggesting 

that circulating HSCs can be a source of LyECs in the liver. Although some studies showed 

tissue macrophages to transdifferentiate into LyECs in inflammatory [16] and wound healing 

[17] settings, this study [15] did not find evidence of macrophage contribution to LyECs in 

the liver. It is unknown whether HSC-derived LyECs play a role in the development of 

hepatic lymphatic vessels observed in liver diseases such as cirrhosis [2,18,19], 

hepatocellular carcinoma [20] and cholangiocarcinoma [21,22].

Functions of lymphatic endothelial cells and liver diseases

LyECs are not just lining components of lymphatic vessels. Although still limited, their 

functions have been related to liver diseases. First, LyECs guide mobilization of immune 

cells and regulate their functions (Figure 1). They modulate these processes through 

secretion of growth factors, cytokines and chemokines, which are collectively termed 

“lymphangiocrine” factors.[23] In the inflamed skin, LyECs promote mobilization of 

dendritic cells (DC) and T-cells to lymphatic vessels with production of C-C-motif 

chemokine ligand 21 (CCL21).[24,25] In the skin, inflamed LyECs also express intracellular 

adhesion molecule 1 (ICAM-1) [26] as well as C-X3-C motif chemokine ligand 1 

(CX3CL1) and CXC motif chemokine ligand 12 (CXCL12) to guide T-cells, DC and other 

innate immune cells to lymphatic vessels.[27] In lymph nodes, LyECs secrete sphingosine-1 

phosphate (S1P) and promote activated T-cells to egress.[28] Besides regulation of immune 

cell egress, LyECs also work as an immunosuppressant through secretion of nitric oxide in 

lymph nodes [29] as well as expression of PD-L1 in tumor-associated lymphatic vessels. 

[30] In lymph nodes, LyECs induce CD8 T-cell deletion through LAG-3/MHC-II signaling 

with expression of MHCII type self-antigens as well as through PD-1/PD-L1 signaling.[31] 

The regulation of immune cells by LyECs is largely unexplored in liver disease. However, 
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given the important role that immune cells play in liver disease, it is likely that LyECs have 

implications in liver disease through their regulation of immune cells.

Second, LyECs are known to take up cholesterol carried by HDL through expression of 

scavenger receptor class B type I.[32,33] Dysfunctional LyECs were shown to lead to the 

development of fatty liver.[34] Thus, the normal function of LyECs seems to be required for 

the homeostasis of fat metabolism in the liver. It is interesting to investigate to what extent 

LyECs contribute to the development of hepatic steatosis and the progression to hepatic 

steatohepatitis, compared with other such factors.

Third, LyECs are also known to facilitate tumor growth and metastasis. LyECs facilitate 

homing of melanoma cells by producing CCL21, which binds CCR7 expressed in melanoma 

cells.[35] In B16 melanoma, VEGF-C-activated LyECs, which are often observed in tumor 

microenvironments, can present tumor antigens and ultimately inhibit activation of CD8+ T-

cells. [36] Furthermore, tumor-induced lymphangiogenesis is associated with decreased 

infiltration of immune cells and thus decreased tumoricidal activity by these immune cells, 

promoting tumor growth and tumor metastasis of melanoma cells.[36,37] Recently, 

lymphangiogenesis was also shown to increase hepatocellular carcinoma (HCC) metastasis.

[38] Heparanase-1 expressed in HCC cleaves heparin sulfate chains of syndican-1 (SDC-1) 

in HCC, allowing the release of VEGF-C from the complex of VEGF-C and SDC-1 on the 

surface of HCC. This release of VEGF-C from the HCC surface stimulates LyEC 

proliferation, or lymphangiogenesis, facilitating HCC metastasis.[38] Collectively, these 

studies indicate that in tumor microenvironments, LyECs enhance tumor growth and 

metastasis and that VEGF-C plays a critical role in these processes by promoting 

lymphangiogenesis and immunosuppression.[35–37]

Finally, lymphangiogenesis is also implicated in organ transportation. In corneal 

transplantation, lymphangiogenesis is thought to be detrimental and increase the prevalence 

of chronic graft rejection.[39] Further, the blockade of lymphangiogenic factors, including 

VEGF-C [40], angiopoietin-2 [41] and galectin-8 [42], improves the survival rate of corneal 

transplants. Unlike corneal transplantation, a rat model of liver transplantation [43] showed 

post-transplant lymphangiogenesis in grafts to be associated with long-term survival of 

recipients for more than 90 days. In addition, lymphatic vessels disappeared from severely 

rejected areas of the rejected grafts within 11 days due to acute cellular rejection and 

antibody-mediated rejection. These findings suggest that lymphatic vessels play a role in the 

early stage of liver transplantation by ameliorating inflammation.[43]

These differences in terms of lymphangiogenesis between corneal and liver transplantation 

remain to be explained. However, liver’s unique immunologic properties may be involved. 

Despite its continuous exposure to nutrients, microbial antigens from the gut and chemicals, 

the liver equips with specialized mechanisms of immune tolerance that avoid overactivation 

of immune responses.[44,45] The liver resembles lymphoid organs.[46,47] It harbors 

resident or migratory immune cells responsible for the innate and adaptive immune systems. 

Similar to peripheral lymphoid organs, the liver is a site for naïve T-cell activation.[46] In 

addition, various hepatic cell populations, including LSECs, hepatic stellate cells and 

hepatocytes, are capable of antigen presentation. This unique immuno-tolerant property of 
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the liver is considered to be beneficial when it comes to liver transplantation. In fact, liver 

transplantation entails less rejection, because human leukocyte antigen (HLA) mismatch is 

not a problem and the immunosuppressant requirement is less in human patients.[48–50] 

Thus, the different observations between corneal and liver transplantation may be another 

implication of the close relation between immunological responses and lymphangiogenesis.

Conclusion and future directions

A significant increase in the number of lymphatic vessels (i.e., lymphangiogenesis) has been 

reported in various pathological conditions of the liver, including cirrhosis [2,18,19,51], viral 

hepatitis [3], lymphedema cholestasis syndrome[52,53], idiopathic portal hypertension [54], 

primary biliary cholangitis [55,56], and hepatocellular carcinoma.[20,38] Despite these 

observations, the role of lymphangiogenesis in the progression of liver disease is yet to be 

determined.[4] Indeed, the hepatic lymphatic system has been poorly studied. Even its 

fundamental aspects such as anatomy remain to be fully elucidated. The development of 

imaging techniques, in vivo and in vitro experimental models are urgently needed to advance 

our understanding of the hepatic lymphatic system, which may potentially open a new 

avenue for prevention and treatment of liver disease.
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Abbreviation used in this paper

LSEC liver sinusoidal endothelial cell

APC antigen-presenting cell

LyEC lymphatic endothelial cell

HSC hematopoietic stem cell

DC dendritic cell

CCL21 C-C-motif chemokine ligand 21

ICAM-1 intracellular adhesion molecule 1

CX3CL1 C-X3-C motif chemokine ligand 1

CXCL12 CXC motif chemokine ligand 12

S1P sphingosine-1 phosphate

HCC hepatocellular carcinoma

SDC-1 syndican-1
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HLA human leukocyte antigen

VEGF-C vascular endothelial growth factor-C

CCR7 C-C chemokine receptor 7
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Figure 1. Lymphatic system in the liver.
A majority of lymphatic vessels (specifically, lymphatic capillaries due to lack of smooth 

muscle cell or pericyte coverage) are located in the portal tract, which accommodates the 

portal vein, the hepatic artery (HA) and bile ducts. Blood in branches of the portal vein and 

the hepatic artery flows into the sinusoidal microcirculation (red arrows) where these 

branches merge and ultimately into the central vein (which coalesces to be the hepatic vein). 

Sinusoids are covered by fenestrated liver sinusoidal endothelial cells (LSECs). Hepatic 

lymphatic fluid originates mainly from plasma components filtered through fenestrae of 

LSECs and flows into the space of Disse, the interstitial space between LSECs and 

hepatocytes (green arrows). Hepatic stellate cells are also located in this space. Lymphatic 

fluid in the space of Disse primarily flows through the space of Mall, a space between the 

stroma of the portal tract and the outermost hepatocytes, into the interstitium of the portal 

tract and then into lymphatic vessels (green allows).

[Upper right box] Hepatic lymphatic endothelium.

Vascular endothelial growth factor-C (VEGF-C) is one of the most potent lymphangiogenic 

factors. Lymphatic endothelial cells (LyECs) express VEGFR3, a receptor for VEGF-C. 

Hepatic LyECs are also known to express lymphokines, such as C-C-motif chemokine 

ligand 21 (CCL21) that guides dendritic cells through their expression of C-C chemokine 

receptor 7 (CCR7). LyECs can take up cholesterols carried by HDL. In normal postnatal 

liver, it is shown that hematopoietic stem cells can differentiate into LyECs.
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