EUROFPEAN
SOCIETY OF
CARDIOLOGY #

Cardiovascular Research (2016) 111, 310-321
doi:10.1093/cvr/cvw175

Heterogeneity in the lymphatic vascular system
and its origin

Maria H. Ulvmar and Taija Makinen*

Department of Immunology, Genetics and Pathology, Uppsala University, Dag Hammarskjéldsvdg 20, 752 85 Uppsala, Sweden

Received 14 March 2016; revised 7 June 2016; accepted 22 June 2016; online publish-ahead-of-print 29 June 2016

Abstract

Keywords

Lymphatic vessels have historically been viewed as passive conduits for fluid and immune cells, but this perspective is
increasingly being revised as new functions of lymphatic vessels are revealed. Emerging evidence shows that lymphatic
endothelium takes an active part in immune regulation both by antigen presentation and expression of immunomodu-
latory genes. In addition, lymphatic vessels play an important role in uptake of dietary fat and clearance of cholesterol
from peripheral tissues, and they have been implicated in obesity and arteriosclerosis. Lymphatic vessels within different
organs and in different physiological and pathological processes show a remarkable plasticity and heterogeneity, reflect-
ing their functional specialization. In addition, lymphatic endothelial cells (LECs) of different organs were recently shown
to have alternative developmental origins, which may contribute to the development of the diverse lymphatic vessel and
endothelial functions seen in the adult. Here, we discuss recent developments in the understanding of heterogeneity
within the lymphatic system considering the organ-specific functional and molecular specialization of LECs and their
developmental origin.
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1. Introduction

The lymphatic vasculature has long been recognized for its vital func-
tion as a unidirectional drainage system for the clearance of interstitial
fluid and transport of tissue-derived immune cells and antigens to the
lymph nodes. However, it is becoming increasingly appreciated that
lymphatic endothelial cells (LECs) not only provide a structural frame-
work for transportation. Recent research has shown that LECs can pre-
sent antigens and express immunoregulatory molecules that modulate
immune cell activation and functions (reviewed in"?). In addition, the
lymphatic system plays an essential role in the uptake of dietary fat
and has been implicated in clearance of cholesterol from peripheral tis-
sues, and lymphatic dysfunction may thus contribute to the pathogen-
esis of obesity and arteriosclerosis (reviewed in®~%).

Lymphatic vessels within different organs and in different physio-
logical and pathological processes show remarkable plasticity and het-
erogeneity, which likely reflects their tissue-specific specialization
(Figure 1). In support of this, both blood endothelial cells (BECs) and
LECs from different organs show unique expression profiles and tran-
scriptional programmes.®’ In addition, BECs differentiated from
embryonic stem cells adopt different molecular features depending

on which tissue they were transplanted into,® suggesting that endothe-
lium possesses an inherent phenotypic plasticity that allows organ-
specific functional specialization. LECs in embryos compared with adult
tissues, as well as LECs of different vascular beds, show differences con-
cerning basic growth factor responses, but the molecular basis of this is
not well understood. For example, postnatal deletion of vascular endo-
thelial growth factor C (Vegfc),® which is the critical lymphatic growth
factor during embryogenesis’ was shown to result in regression of the
specialized lacteal lymphatic vessels within the intestinal villi, without
affecting the integrity or function of dermal lymphatic vessels.® Vascular
bed-specific responses are further highlighted by the observations that
Vegfc overexpression in the respiratory tract induced lymphatic vessel
growth only during a critical period in perinatal development,10 while in
the skin Vegfc activated lymphangiogenesis also in adult stages."""'* To
add another level of complexity, LECs in certain organs were recently
shown to have multiple cellular origins,”’15 which may contribute to
the development of the diverse lymphatic vessel and LEC functions in
the adult.

We are only beginning to understand the molecular differences that
endow and functionally distinguish different types of lymphatic vessels
in different organs and biological contexts. Although some of the signals
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Figure | Organization of the lymphatic vasculature and the specialized lymphatic vessels within the intestine and the lymph node. The lymphatic ca-
pillary network (green) absorbs fluid that continuously leaks out from the blood capillary beds and returns it to the blood circulation (blue/red). On the
left: The specialized capillary vessels in the intestinal villi called lacteals also take up dietary lipids as chylomicron particles. Both lacteals and capillary
vessels in other peripheral organs provide a route for tissue-derived immune cells to the lymph nodes distributed along the collecting vessels; a function
that is essential for induction of efficient immune responses and peripheral tolerance. On the right: Molecular and structural features of LECs in different
parts of the lymph node (SCS, MS, and CS) are shown. LECs that build the ceiling of the SCSs (cLECs) can be molecularly distinguished from the LECs that
form the floor (fLECs) by their low expression of the lymphatic marker Lyve1. cLECs instead express the atypical chemokine receptor CCRL1 (ACKR4)
which through scavenging the chemokine CCL21 creates chemokine gradients for migration of tissue-derived DCs (brown) from the SCS into the lymph
node parenchyma. Distinct populations of macrophages (MFs; yellow) are associated with SCS and MS but have a common role in scanning the lymph for
pathogens and antigens. Small antigens, cytokines, and chemokines can enter the lymph node conduit system that descends from the floor of the SCS in
the direction of high endothelial venules (HEVs). The size restriction of the conduit system is determined by PLVAP+ sieve-like diaphragms in transen-
dothelial channels that connect the SCS to the conduits. CS and MS produce S1P essential for immune cell exit from the lymph node and express the
immune check point molecule PD-L1 involved in LEC-induced antigen tolerance.

that regulate the developmental patterning and functional specializa-
tion of the lymphatic vasculature have been identified, little is known
about how this patterning is maintained and how LEC plasticity is con-
trolled. Here, we review recent insights into the heterogeneity within
the lymphatic system focusing on the organ-specific functional and mo-
lecular specialization and the developmental origins of LECs.

2. Functional and molecular
heterogeneity of lymphatic vessels

2.1 Vessel-type-specific specialization of
lymphatic endothelium for fluid absorption
and drainage

In most tissues, the return of extravasated tissue fluid back to the blood
starts with absorption by specialized blind-ended capillary lymphatic
vessels (also known as initial lymphatic vessels) (Figure 2). They

converge into progressively larger collecting lymphatic vessels that
transport the fluid, which inside the lymphatic vessels is called lymph,
into the largest lymphatic vessels; the thoracic and right lymphatic ducts
that empty into the subclavian veins. Despite their unique morpho-
logical features, lymphatic capillaries and collecting vessels share the
expression of many of the genes that distinguish lymphatic from blood
endothelium.'®~"® These include the master transcriptional regulator
of lymphatic differentiation and identity, prospero homeobox 1
(Prox1), the transmembrane O-glycoprotein podoplanin (Pdpn, also
known as gp38 and T1alpha), the tyrosine kinase receptor vascular
endothelial growth factor 3 (Vegfr3 also known as FLT4), and neuropi-
lin 2 (Nrp2), a receptor for Class Ill semaphorins, which similar to
Vegfr3 binds Vegfc (Figure 2). These genes are not only markers of
LECs but also critical regulators of the development of the lymphatic vas-

. . 17,1
culature (reviewed in'”""®

). Alllymphatic vessels also share the expression
of the endothelial-specific junctional proteins VE-cadherin, Claudin5, and
PECAM-1, but the organization of the cell—cell junctions is distinct.

Lymphatic capillaries show discontinuous button-like junctions, while
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Figure 2 Structuraland molecular features of capillary and collecting lymphatic vessels. The blind-ended lymphatic capillaries, designed to remove fluid
and soluble molecules from the interstitial space, are characterized by button-like intercellular junctions, discontinuous basement membrane (BM), and
anchoring filaments. High capillary expression of the CCR7-ligand CCL21 allows recruitment of DCs. Collecting lymphatic vessels that transport the
lymph instead have zipper-like intercellular junctions, continuous basement membrane, smooth muscle cell coverage, and intraluminal valves. The
main distinguishing molecular features of the endothelium of capillary vessels, collecting vessels, and valves are depicted in brown boxed areas. Additional
functions of the capillary and collecting lymphatic networks include inflammatory chemokine scavenging through expression of the atypical chemokine
receptor D6 (ACKR2) and RCT passively or through expression of the cholesterol carrier SR-Bl or indirectly through macrophages. Bottom panels show
whole-mount immunofluorescence images of mouse ear skin stained with the indicated antibodies. Arrowhead points to a Lyve1 positive capillary and
arrowhead to a Lyve1 negative collecting vessel. Valve at a vessel branch point is indicated by an asterisk. Scale bars: 25 wm (capillary and collecting

vessels) and 200 wm (lymphatic network).

collecting vessels have zipper-like junctions'® (Figure 2). Lymphatic capil-
laries are surrounded by a thin discontinuous basement membrane. They
readily sense changes in interstitial pressure by their anchoring to the
extracellular matrix,”® which can modulate the opening of ‘flap valves’
in between the button junctions to allow fluid entry." It is also through
these flap valves that immune cells enter the lymphatic vessels.'”*"
Lymphatic capillaries can be distinguished from collecting vessels by
their high expression of the hyaluronan receptor Lyve1?? and the che-
mokine CCL21%3** (Figure 2). The latter allows recruitment of acti-
vated CCR7 positive dendritic cells (DCs) both in homeostasis and
in inflammation through the formation of haptotactic CCL21 chemo-
kine gradients, established by the immobilization of CCL21 on extracel-
lular heparin sulfate, that guides migration of DCs towards the
lymphatic vessels.>* These gradients may act together with soluble

gradients produced by LECs or by the DCs themselves as they mi-
grate.”> DC entry is followed by intraluminal crawling inside the lymph-
atic capillaries, a process which was recently described to depend on
immobilized intraluminal CCL21 gradients formed in a flow-dependent
manner.2® In contrast, transfer of DCs within the collecting vessels to
draining lymph nodes is thought to be passive. In addition to DCs, other
immune cells including recirculating memory T-cells?” and neutro-
phils®® have been reported to enter lymphatic vessels in a
CCR?7-dependent manner. In contrast to CCL21, the role of Lyve1 in
capillary vessels is still not clear. Although Lyve1 is expressed already in
the earliest venous-derived LEC progenitors in E9.5-E10.5 embryos,*’
deletion of Lyve1 in mice does not result in major defects in lymphatic
vessel morphogenesis or mobilization of DCs to lymph nodes when
evaluated after FITC dibutyl phthalate skin painting.>
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Whereas capillary vessels are designed for uptake of fluid and im-
mune cell recruitment, collecting vessels are specialized for transport.
They are surrounded by a continuous basement membrane and peri-
vascular smooth muscle cells, which together with the zipper-like junc-
tions make these vessels relatively impermeable for fluid diffusion’
(Figure 2). Besides morphology and distribution of junctional proteins,
collecting vessels can be distinguished by reduced expression of
Lyve1?? and CCL21% compared with capillary vessels, and it is gener-
ally not thought that collecting vessels allow transmigration of immune
cells. However, recent data show that collecting vessels display an in-
creased permeability during inflammation allowing exchange of lymph
components with adipose tissue macrophages and DCs, which were
shown to enter the lymph node.®" The large collecting vessels and
the connecting lymph nodes are embedded in subcutaneous or visceral
fat, but the implication of this is largely unknown. In addition to an ex-
change of lymph components between the adipose tissue immune cells
and the collecting vessels, the association may reflect the need for en-
ergy and other factors during adaptive immune responses in the lymph
nodes®>*? and could be a reservoir of common progenitors of lymph
node mesenchymal stromal cells and adipocytes, active in development
and possibly regeneration.>* Another special feature of collecting ves-
sels is the luminal valves that are essential for preventing retrograde
lymph flow. Endothelial cells forming the valve leaflets show a unique
spindle-like morphology and expression profile that is shared with ven-
ous valve endothelial cells.**>>® They are characterized by high expres-
sion of the transcription factors Foxc2 and GATA2, and Integrin-a9
that are not only expressed by but also critically required for the for-
mation of valves.**3”3® Valve endothelial cells also express high levels
of Prox1, Connexin-37, and they show high calcineurin/NFATc1 signal-
ling, while Lyve1 and Nrp2 levels are low or absent®>>? (Figure 2).

There is not a clear border between capillary and collecting vessels,
and sometimes the term pre-collecting vessel is used to describe the
part of the lymphatic network in-between the capillary vessels and col-
lecting vessels. Pre-collecting vessels express Lyve1 and contain valves
but have no or very few smooth muscle cells. In human tissues, these
vessels were described to display lower expression of PDPN together
with distinct expression of chemokines and chemokine receptors in-
cluding CCL27 and the atypical chemokine receptor Duffy antigen che-
mokine receptor DARC (also known as ACKR1).%?

Studies on mouse models have uncovered molecular mechanisms
that regulate the remodelling of the embryonic lymphatic vasculature
into a fully functional network of capillaries and collecting vessels and
acquisition of vessel-type-specific features. In addition, flow-induced
mechanosignalling has been implicated in lymphatic vessel remodelling
and maintenance of specific features including luminal valves.*®*' For
detailed information of the molecular regulation of lymphatic vessel
morphogenesis and remodelling, we would like to refer the reader

to excellent recent reviews.'® 18

2.2 Specialized functions of lymphatic
vessels in fat absorption and metabolism

The intestinal lymphatic system consists of two independent vessel net-
works: the lacteals that drain the intestinal villi interconnected with a
submucosal lymphatic network, and the lymphatics that drain the mus-
cular layer within the intestine*? (Figure 1). Both of these connect in the
mesentery with larger collecting vessels, which transport the incoming
fluid to the mesenteric lymph node. The lacteals play a unique and vital
role in the uptake of triglyceride-loaded particles known as

chylomicrons and fat-soluble vitamins from the villi, for delivery to
the blood via the cisterna chyli and thoracic duct. The mechanism of
uptake of the chylomicrons, which can be very large up to 1 um in
diameter, is not entirely clear, and may involve both intercellular trans-
port through LEC junctions and intracellular transport across LECs in
vesicles (reviewed in**). Active contraction of the lacteals, which is
mediated by smooth muscle cell contractions and controlled by the
autonomic nervous system, allows drainage of absorbed lipids into
the collecting vessel network.*?

In many aspects, lacteals display similar features as skin dermal capil-
lary vessels, including high expression of Lyvel and CCL21,”** while
mesenteric collecting vessels are characterized by low expression of
Lyve1 as well as the presence of valves and layers of extracellular base-
ment membrane and smooth muscle cells.>” Just as in the dermis, the
lymphatic vessels within the villi and submucosa provide a path for
tissue-derived DCs to reach the draining mesenteric lymph node,
which constitutes a fundamental mechanism for induction of oral toler-
ance towards ingested antigens and the microbiota (reviewed in*).
However, lacteals do not have the same uniform button-like junctional
organization as, e.g. skin dermal capillary vessel but a mix of both con-
tinuous zipper junctions and discontinuous button-like junctions.** The
lacteals in adult intestine in contrast to adult dermal lymphatic vessels
display a low but detectable proliferation also under homeostasis.** Re-
flecting the more active proliferative state of the lacteals, deletion of the
Notch ligand DLL4** or postnatal deletion of Vegfc® resulted in lacteal
regression and reduced uptake of lipids without affecting the integrity
of quiescent dermal lymphatic vessels. Cultured human intestinal and
dermal LECs display a distinct set of differentially expressed genes, des-
pite sharing the expression of known LEC markers.” However, further
studies profiling specifically the transcriptome of lacteals are needed to
understand the molecular mechanisms underlying their functional
specialization.

Although the lacteals have a unique role in the uptake of dietary fat,
lymphatic vessels outside the gastrointestinal tract also affect fat metab-
olism and defects in lymph transport may contribute to cholesterol-
driven diseases like atherosclerosis (reviewed in>~%). Atherosclerosis
is a chronic inflammatory disease of larger arteries and a major cause
of myocardial infarction and stroke. It involves formation of plaques
in the subendothelial intimal space with recruitment of monocytes
that accumulate as lipid-loaded foam cells. Reverse cholesterol trans-
port (RCT) refers to the removal of cholesterol from the tissue and
its delivery back to the liver. Lymphatic vessels have been shown to
contribute to RCT, either by acting as conduits for macrophages* or
by cell free uptake of cholesterol passively or actively through expres-
sion of the HDL receptor SR-BI.*’ Hence, lymphatic vessels could be
expected to have a protective effect against atherosclerosis by affecting
both RCT and the local inflammatory environment. This notion is sup-
ported by data from in vivo animal experiments. Mice with lymphatic hy-
poplasia due to systemic defects in Vegfr3 signalling either due to a
kinase inactivating mutation in Vegfr3 (Chy mice) or expression of sol-
uble Vegfr3-Ig show higher levels of lipoprotein and faster progression
of atherosclerotic lesions in genetic models of atherosclerosis
(LDLR ™'~ /ApoB'%19%) %8 However, it should be noted that lymphatic
vessels associated with arteries are rarely found in the intima where the
arteriosclerotic plaques develop but instead localize to the adventitial
layer. Further studies are needed to fully understand the impact of
lymphatic vessels on the local atherogenic process.

Accumulation of adipose tissue has been reported as a clinical mani-
festation in patients suffering from chronic lymphoedema,**** which
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suggests direct or indirect roles of lymphatic vessels in local fat metab-
olism. In support of this notion, haploinsufficient Prox T mice and the Chy
mice carrying a kinase inactivating mutation in Vegfr3 that both develop
oedema were also reported to display accumulation of fat.>%>" How-
ever, conflicting data for the Chy model exist,” and other mouse models
with lymphatic dysfunction such as K14-Vegfr3-Ig mice do not display in-
creased body weight compared with controls.>" It is possible that dif-
ferences in genetic background of the mice and thereby differences in
the immunological phenotype®” contribute to different outcomes on
fat metabolism. Inflammatory cytokines such as tumour necrosis factor
alpha are known to affect fat metabolism,>® and lymphatic vessels may
influence adipose tissue biology indirectly due to their role in clearance
of cytokines and immune cells from the tissue environment.

2.3 Fluid homeostasis in the brain
and the eye

No lymphatic vessels are found inside the brain in contact with neuron-
al cells, where an alternative system for fluid drainage, the so-called
glymphatic system, exists. The glymphatic system is named after its de-
pendence on glial cells and a similar draining function as the lymphatic
system, but there are no structural similarities between the two (re-
viewed in**). However, in 2015, two groups independently demon-
strated that the mouse brain meninges contain a lymphatic
network.>>>® Their data confirmed and extended a forgotten anatom-
ical observation by the Italian physician Mascagni in 1787 and observa-
tions of dural lymphatic vessels in rat published in 1987.>” The new
studies by Louveau et al.>® and Aspelund et al.>® showed that meningeal
lymphatic vessels absorb cerebrospinal fluid allowing antigen and im-
mune cell trafficking to cervical lymph nodes but only have a limited
role in fluid drainage from the brain.>>>® Phenotypically the meningeal
lymphatic vessels were shown to have features of lymphatic capillaries,
including expression of Lyve1 and CCL21, with lymphatic valves ob-
served only in vessels near the base of the skull >>* The re-discovery
of meningeal lymphatic vessels has put new focus on the immune regu-
lation of the brain and could have implications for the understanding of
immune-mediated diseases of the brain such as encephalomyelitis.*® It
remains to be determined if the brain lymphatic vessels are molecularly
different from other lymphatic vessels in the body.

The cornea of the eye is completely avascular, which has been linked
to expression of a secreted splice variant of Vegfr2 and truncated sol-
uble Vegfr3 inhibiting the effects of Vegf/Vegfc.>”*® However, lymphatic
vessels are present in the ciliary body, and the anterior segment of the
eye and abnormal lymphangiogenesis plays a role in pathological eye
conditions (reviewed in®"). In addition, it was recently shown that the
so-called Schlemm’s canal (SC) that has an important function in drain-
ing the aqueous humour in-between the lens and the cornea, has
lymphatic-like properties.®> ¢ The SC expresses Prox1 and forms
by postnatal migration of venous-derived progenitors analogous to
the formation of venous-derived lymph sacs during embryogen-
esis.®?¢* ECs lining the SC also express other typical lymphatic mar-
kers including Integrin-a.9, Vegfr3, and CCL21 and respond to Vegfc
with increased sprouting and proliferation. However, they have very
6263 and the SC is thus not
considered a true lymphatic vessel. Interestingly, the expression of

low or no expression of Lyve1 and Pdpn,

Prox1 was found to correlate with SC integrity and function, suggesting
that it could be used as a biosensor for pathological changes.® In add-
ition, due to the stimulatory effect on SC growth, Vegfc treatment was
suggested as a potential novel strategy for treatment of the

degenerative disease glaucoma, which is coupled to increased intraocu-
lar pressure due to inadequate drainage of the aqueous humor.®* Angio-
poietin/Tie2 may also represent a target for glaucoma treatment due toa
reported selective dependence of the lymphatic vessels in the eye and
the SC on this signalling pathway.®> Genetic deletion of the two Tie2 i-
gands angiopoietin 1 and 2 during late embryogenesis at E16.5 caused a
specific loss of eye lymphatic vessels and the SC resulting in development
of glaucoma within 3 months after birth.®® It is possible that the late
embryonic requirement of angiopoitin/Tie2 may reflect, at least in
part, the postnatal formation of the SC, but it could also indicate diver-
sification of the signalling pathways regulating different vascular beds.

2.4 Molecular and functional heterogeneity
of the lymph node lymphatic vessel network

The lymphatic vessels are closely integrated with the lymph nodes,
which are distributed, often in chains, along the collecting lymphatic
vessels. The lymphatic connection to the lymph node is crucial for
the establishment of efficient contacts between tissue and blood-borne
immune cells, and the lymph nodes are essential not only for induction
of effective immune responses but also their resolution and for main-

tenance of tolerance (reviewed in5:67:68

). The lymph nodes consist of a
complex network of lymphatic sinuses, surrounding a highly organized
parenchyma of immune cells, specialized blood vessels, and stromal
cells which together provide an optimal environment for induction

and regulation of immune responseséms

(Figure 1). The lymphatic si-
nuses of the lymph node can be seen as an extension of the peripheral
lymphatic network but differ from both capillary and collecting vessels

with unique structural and molecular features.

2.4.1 Lymph node subcapsular sinus

The incoming lymph is drained by afferent lymphatic vessels into the
large subcapsular sinus (SCS) located underneath the collagenous cap-
sule that surrounds the lymph node. The lymphatic cell layer forming
the floor of the SCS (fLECs) allows cellular trafficking into the lymph
node parenchyma but is at the same time highly selective with regard
to the molecules transported, excluding those >70 kDa or with a ra-
dius >4 nm.®” Smaller antigens and soluble molecules like chemokines
and cytokines can gain access through the highly specialized conduit
system, which consists of a network of tubular collagen fibres en-
sheathed by fibroblastic reticular cells (FRCs).6”7° The reticular fibres
descend from the fLEC layer in the direction of the high endothelial ve-
nules (HEVs), where blood derived immune cells enter the lymph node
parenchyma. The conduit system allows crosstalk between lymph and
blood”" but still shields the immune cell compartment of the lymph
node from direct contact to the lymph. Access of antigens to the
lymphoid compartment of the lymph node instead has to go through
DCs or other antigen presenting cells’ (reviewed in**872),

The features of the sinus floor that allow exclusion of fluid transport
but still permit cellular transmigration have been elusive for a long time.
Recently, expression of the glycoprotein plasmalemma vesicle-associated
protein (PLVAP) (also known as PV-1 and MECA-32) by lymph node
LECs was shown to be essential for the barrier function of the sinus, af-
fecting both the size-selective entry of lymph-borne antigens to the con-
duits and the cellular transmigration.73 PLVAP was shown to form
sieve-like diaphragms in transendothelial channels in LECs that bridge
the sinus to the conduits.”> PLVAP was not restricted to fLECs but dis-
played a widespread expression in lymph node LECs, while no expression
was reported in peripheral skin LECs.”® PLVAP has earlier been thought
to be confined to BECs and is the only protein that has been associated
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with formation of diaphragms in endothelial cells.”* The fLECs are also
lined by a basement membrane-like extracellular matrix and are in close
contact with sinus-lining-specialized stromal cells called marginal reticular
cells (MRCs)”* and metallophilic CD169+ macrophages (MMF) that scan
the lymph for antigens.”®””

The same chemokine axis CCR7—-CCL21 that guides entry of DCs
into peripheral lymphatic vessels***° have intriguingly also been shown
to be essential for their exit from the SCS into the lymph node paren-
chyma.”® Whereas transendothelial channels restricted by PLVAP dia-
phragms in fLECs may provide a path for the lymph-borne immune
cells into the lymph node, the CCR7-driven directional transit was shown
to be regulated by the LECs that form the ceiling of the SCS (cLEC:s), de-
pendent on their expression of the atypical chemokine receptor CCRL1
(ACKR4).”” CCRL1 is a scavenging receptor for the CCR7-ligands
CCL19 and CCL21, efficiently targeting them for internalization and deg-
radation. Expression of CCRL1 was shown to allow formation of CCL21
chemokine gradients reaching from the sinus into the lymph node paren-
chyma. Conversely, the absence of CCRL1 resulted in a dramatic accumu-
lation of CCL21 at the floor of the SCS, creating a reversed gradient and
preventing efficient exit of DCs.”® Expression of CCRL1 is mainly con-
fined to the SCS cLECs, and no expression is found in the primary dermal
lymphatic plexus. Another marker that has been specifically assigned to
LECs in the SCS is the chemokine CCL1,2%8" which was shown to allow
CCR8 chemokine receptor-driven entry of tumour cells into the lymph
node.?® The absence of CCL1 still allowed tumour entry into the afferent
lymphatics but blocked transmigration of tumour cells across the sinus.
The immunological functions of sinus-derived CCL1 is not entirely clear,
but CCR8 has been shown to be involved in monocyte-derived DC mi-
gration from the skin to lymph nodes.?’

2.4.2 Lymph node cortical and medullary sinuses

Most of the lymph that enters the SCS will never enter the conduits but
will be channelled out through the cortical and medullary sinuses (CSs
and MSs, respectively) and leave the lymph node through the efferent
lymphatic vessels. The MSs form a complex irregularly shaped network
and are transversed by fine reticular strands. Similar to fLECs, MS LECs
intimately interact with macrophages. The medullary macrophages are
phenotypically distinct from the macrophages found in the SCS but
similarly contribute to clearance of pathogens and antigens from the
lymph (reviewed in’?). The areas of CSs that connect to the MSs con-
tain fewer macrophages. The factors that determine the distinct spatial
relationship between different macrophage populations and different
part of the lymph node LEC network are not known.

Both CSs and MSs have been shown to be involved in lymphocyte
egress from the lymph node by their production of sphingosine-1-
phosphate (S1P). S1P binds the sphingosine-1-phospate receptor
type 1 (S1PR1) expressed by T-cells, which is necessary for T-cell
egress both from the thymus into the blood and from lymph node
into the lymph.82~#° The important source of S1P in the blood is haem-
atopoietic cells,®® whereas the important source of $1P in lymph was
shown to be Lyvel expressing cells,®? which will include fLECs and
large parts of the CS and MS network. Deficiency in the production
of S1Pin Lyve1 expressing cells also affects patterning of the peripheral
lymphatic vessels,®? and S1P may thus have a dual role in lymphatic ves-
sel development and LEC-mediated immune regulation. Another mol-
ecule involved both in developmental patterning of lymphatic vessels
and in the regulation of S1P egress is Integrin-oc‘?.86 Besides its role in
the development of lymphatic valves,> Integrin-a9 was also shown
to regulate secretion of S1P from the LECs.%®

2.5 Lymph node LECs in antigen
presentation and regulation of immune
cell activation

Besides expressing proteins that can affect immune cell access to and
exit from the lymph node parenchyma, multiple data support that
lymph node LECs express both MHC class | and class Il molecules
and contribute to antigen presentation and regulation of immune cell
activation.®” %3 Tewalt et al.%® showed that lymph node LECs lack ex-
pression of co-stimulatory molecules but express the immune check
point molecule programmed cell death 1 (PD-1) ligand (PD-L1), with
the highest expression in CSs and MSs. In line with this finding, several
studies have linked lymph node LECs to peripheral and tumour-
induced tolerance,®” 7877173 pyt lymph node LECs may also act as a
reservoir for antigens facilitating induction of protective immune re-
sponses in vaccination and viral infection, an effect that was shown to
be dependent on the proliferative response of LECs in infection.”?
Lymph node LECs have been suggested to present antigens directly,
but it is also possible that they induce tolerance indirectly by transfer-
ring antigens to DCs”® or that they receive antigen complexes from
DCs.”" Most studies do not differentiate in vivo effects of antigen pres-
entation by LECs from other lymph node stromal cells, and many ques-
tions remain.

The lymphatic network of the peripheral skin-draining lymph node is
much simpler in a newborn mouse compared with an adult®® and will
grow and remodel extensively during the first postnatal weeks. Neo-
natal lymph nodes were shown to express much lower levels of
PD-L1 compared with adult lymph nodes,”® and it is likely that crosstalk
between recruited immune cells and ECs in conjunction with other
stromal cells shapes postnatal lymph node lymphatic patterning. It is
also an interesting possibility that peripheral lymphatic vessels can
adopt a lymph node-like specialization in disease. This may occur during
the formation of tertiary lymphoid organs, also known as ectopic
lymphoid structures, which are an accumulation of immune cells and
stromal cells with a lymph node-like organization in chronically in-
flamed tissues and tumours.”®

2.6 Peripheral lymphatic vessel
heterogeneity and plasticity in

immune regulation

Reduced peripheral lymphatic drainage will in addition to oedema be
expected to lead to increased accumulation of inflammatory mediators,
including cytokines, which are normally transported away with the
lymph and affect immune cell trafficking to the lymph nodes. This can
disrupt the immune regulatory pathways that are dependent on the
communication between the tissue and the lymph nodes."**¢” Sup-
porting this notion, inhibition of the Vegfc/Vegfr3 growth factor axis
has been shown to result in increased and prolonged inflammatory re-

4599 and can

50 It

sponses,””?® defects in peripheral immune tolerance,
change the resting immunological environment within the tissue.
should be noted that the experimental strategies have been based
on targeting of the Vegfc/Vegfr3 growth factor axis globally, and it
cannot be excluded that part of the effects may be due to effects on
other Vegfr3 expressing cells including macrophages'® and BECs."’
Interestingly, the effect on Vegfr3/Vegfc inhibition may also be
context dependent, and treatment with soluble Vegfr3 receptor in
inflammation-driven carcinogenesis was shown to reduce the inflam-

matory response and inhibit cancer development.'®
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Both lymph node and peripheral lymphatic vessels express cytokine
and toll-like receptors (TLRs)"? in a pattern that differs between LECs
in different organs'®*'%* and respond to inflammatory stimuli not only
through changes in proliferation and fluid permeability (reviewed in?).
For example, inflamed dermal lymphatic endothelium was reported to
suppress DC maturation through up-regulation of Mac-1/ICAM-1."%
Peripheral LECs can also influence leukocyte migration by modulating
chemokine availability through expression of the atypical chemokine re-
ceptor D6 (ACKR2),'® a scavenging receptor for inflammatory chemo-
kines. Human LECs in the skin, gut, and lymph nodes express D6,'” but
any potential differences in the expression of D6 between different types
of vessels or organs are unknown. Dé deficient mice display exuberated
and prolonged responses in phorbol ester-induced skin inflammation,'®®
which was linked to accumulation of leukocytes around peripheral lymph-
atic vessels and in draining lymph nodes leading to lymphatic congestion
and impaired fluid and cell drainage.'® Dermal LECs display different
gene expression profiles in response to treatment of the skin with a con-
tact sensitizer oxazolone vs. complete Freund’s adjuvant.'® The plasticity
of LECs in disease is also supported by reported changes in LEC gene ex-
pression profiles in experimental models of tumour-associated lymphatic
vessels.""® It will be of high relevance to understand how LECs adapt to
different conditions during infection, inflammation, and cancer.

3. Heterogeneous origin of LECs
in different organs

3.1 Discovery of LECs of different origins

Florence Sabin, an American anatomist, postulated already in 1902

that mammalian lymphatic vessels originate from the venous ECs.""”

Stage: E10 E11 Ei12 E13
LYMPHANGIOGENESIS
LEC LEC Lymph sac Lymphatic vessel
specification migration formation sprouting

Jugular (PLLV+pTD)
Posterior
Retroperitoneal (mesenteric)

Cisterna chyli

of LECs

LYMPHVASCULOGEN

Se-

Isolated clusters

Based on ink injection experiments in embryonic pigs, she proposed
that two primitive jugular lymph sacs originate from ECs budding
from large veins, which is followed by sprouting of vessels from the
lymph sacs (the centrifugal model).""" An alternative model by Hun-
tington and McClure in 1910 proposed that LECs form from mesen-
chymal precursors (the centripetal model).""? Based on the analysis
of serial tissue sections, Huntington and McClure concluded that
lymphatic vessels initially develop along embryonic veins and centripet-
al extensions are formed to connect them first with the lymph sacs and
then with the venous system."? The debate on the two competing the-
ories continued until more than 100 years later, in 2007, Srinivasan et al.
provided convincing evidence in support of Sabin’s theory of the venous
origin of lymphatic vessels by genetic tracing of Prox1 lineage cells."® The
venous source of LECs was shown to be evolutionary conserved in tele-
osts based on studies in zebrafish.""*'"> Reports from avian em-
bryos'"®""” and amphibians''® suggested an additional mesodermal
source of LECs. An alternative origin of LECs was also suggested in the
mouse."" However, these studies were based on marker expres-
118119 5 chimeric transplantation experiments,’ " and not lineage
tracing, and functional evidence was lacking. In 2015, our group™" and
Klotz et al."® surprisingly found compelling evidence for at least two alter-
native non-venous sources of LECs in the mouse embryo, which contrib-
uted, alongside the venous-derived LECs, to the development of the
lymphatic vasculature in an organ-specific manner (Figure 3). The new
data could be seen as settling the old controversy concerning the origin
of lymphatic vessels, but it also opens up many new questions.

sion

3.2 Venous origin of lymphatic vessels

During the past decade, the stepwise process of LEC commitment,
which is driven by Prox1 expression in a subset of venous EC, and

Eis Tie2-Cre;R26-mTmG

Mesentery
Hemogenic EC source
Tie2-Cre + lineage
Vavi-Cre - lineage

Skin
Tie2-Cre - lineage
Vavi-Cre - lineage

Assembly of

> Heart
vessels

Tie2-Cre - lineage
Vav1-Cre + lineage

Figure 3 Key developmental steps in the formation of the embryonic lymphatic vasculature. The first LECs arise through transdifferentiation from
venous endothelial cells. Venous-derived LECs exit the veins and form primitive lymphatic structures, so-called lymph sacs, from which vessels sprout
further to peripheral organs (lymphangiogenesis). Alongside, in certain organs, non-venous-derived LEC progenitors give rise to clusters of LECs that
assemble into vessels (lymphvasculogenesis). Stages (E, embryonic days) of mouse development are shown on the top and key differences in the cellular
lineages of non-venous-derived LECs in the mesentery, skin, and heart are depicted. Mesenteric non-venous-derived LECs form from a HemEC source
and are traced (GFP+) by the pan-endothelial Tie2-Cre (top panel on the right). In contrast, both the non-venous dermal LECs of lumbar skin (bottom
panel on the right) and part of the cardiac lymphatic vasculature form from Tie2 negative lineage (GFP-), and their precise cellular origin within the em-

bryo still remains to be determined. Scale bars: 25 pm.
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the formation of the first venous-derived lymphatic vessels have been
carefully characterized in the mouse'">"?%"! and zebrafish.""*""> Al-
though some of the upstream regulators of Prox1 have been identified,
it is still unclear how Prox1 expression and thus selection of LECs is re-
stricted into specific veins to allow the formation of six primitive lymph
sacs [i.e. paired jugular and posterior lymph sacs, retroperitoneal (mes-
enteric) lymph sac and cisterna chyli] in precise locations in the mam-
malian embryos. A recent study in zebrafish demonstrated that the
commitment of LECs within the posterior cardinal vein (PCV) is linked
with asymmetric division of Prox1 positive BECs, with daughter cells
adopting different fates; one becomes LEC and up-regulates Prox1,
while the other remains in the vein and down-regulates Prox1 expres-
sion.™? Intriguingly, another recent study reported that the zebrafish
PCV contains specialized mesodermal-derived angioblasts that can
give rise to LECs but also to other endothelial cell populations.’?®
These angioblasts were shown to reside on the ventral wall of the
PCV and transit dorsally within the vein before giving rise to lymphatic
sprouts.’*® Together, these data demonstrate a previously unknown
heterogeneity within the developing cardinal vein and suggest that
LEC fate can be specified before budding from the PCV. It remains
to be shown whether mammalian veins also harbour such angioblasts
with capacity to differentiate into LECs.

3.3 Tie2 lineage negative, non-venous origin
of the dermal lymphatic vasculature

Studies on the early development of the murine lymphatic vasculature
have been focused on the analysis of the ‘jugular lymph sac’, i.e. the per-
ipheral longitudinal lymphatic vessel (PLLV) and primordial thoracic
duct (pTD)120 formation in the cervical and thoracic regions of the em-
bryo. Lineage tracing and high-resolution visualization of the developing

vasculature in this region,113'120

together with functional studies asses-
sing the consequence of Prox1 deletion using the endothelial restricted
Tie2-Cre line,""® suggested that all LECs descend from a Tie2 lineage
endothelial source, consistent with their venous origin. However, we
reported that although the cervical and thoracic dermal LECs were ef-
ficiently traced with the Tie2-Cre in E13 embryos, isolated clusters of
LECs formingin the lumbar region of the skin were negative'* (Figure 3).
Fluorescence-activated cell sorting analysis revealed that the Tie2 lin-
eage negative LECs accounted for more than 30% of the entire dermal
lymphatic vasculature in E13 embryos. Consistent with the major con-
tribution of non-venous-derived LECs to the vessels of the lumbar skin,
LEC clusters in this region could not be initially targeted and depleted
by Tie2-Cre-induced deletion of Prox1. This was despite the efficient
Tie2-Cre-induced recombination in the blood vasculature and in early
venous-derived LEC progenitors, which lead to the conclusion that
an alternative TieZ lineage negative LEC progenitor source gives rise
to the isolated clusters of LECs in the lumbar region of the skin."
The isolated Tie2 lineage negative non-venous-derived LEC clusters
rapidly coalesced to continuous vessel networks in a process we
termed lymphvasculogenesis,14 analogous to the process of vasculo-
genesis occurring during early establishment of the blood vasculature

system (reviewed in'*

). The source of the dermal non-venous LEC
progenitors still remains to be discovered. Although lineage tracing
data suggests a non-endothelial source of dermal LECs, it cannot be ex-
cluded that the Tie2 negative lineage reflects vessel formation froma so
far non-characterized immature vascular bed. Several studies have sug-

125-128

gested a haematopoietic origin of lymphatic progenitors, mainly

based on the expression of shared markers, including, e.g. Pdpn, Lyve1,

and Vegfr3, which are expressed by both LECs and haematopoietic
cells including monocytes and macrophages. However, our studies ex-
cluded transdifferentiation of LECs from haematopoietic progenitors
since Vav1-Cre, a pan-haematopoietic Cre line, did not show any tracing
of dermal LECs." This is consistent with previous studies that also ex-
cluded Vav1-Cre lineage tracing of LECs."®

3.4 Non-venous haemogenic endothelial
source of the mesenteric lymphatic
vasculature

Similar to the lumbar skin, mesenteric lymphatic vessels were reported
to form from isolated clusters of LECs that assemble into vessels, in
contrast to the sprouting of venous-derived LECs from the mesenteric
lymph sac.” Intriguingly, in contrast to the dermal LEC progenitors, the
mesenteric progenitors were efficiently traced by the Tie2-Cre trans-
gene (Lukas Stanczuk and TM, unpublished data; Figure 3), which sup-
ports an endothelial origin of these LECs. However, rather than venous
endothelium, the origin of the mesenteric LECs was traced to haemo-
genic endothelial cells (HemECs)." This conclusion was based on two
major observations: (1) Positive lineage tracing using the endothelial-
specific Pdgfb-CreER"? line, which, when induced at embryonic day
(E)8-E9, labels efficiently all major haemogenic vessels including the
dorsal aorta, vitelline artery, and the yolk sac (YS) vasculature, but
not the venous-derived LEC progenitors, and (2) positive lineage tra-
cing of E10—E11-induced cKit-CreER™. cKit is a marker associated
with HemECs and HemEC-derived haematopoietic progenitors from
all known haemogenic sites of the embryo and the YS."*® Using these
strategies, it was not, however, possible to distinguish between the dif-
ferent haemogenic sites. Like in the skin, the mesenteric LECs could not
be traced by Vav1-Cre, which suggests a HemEC-derived lineage separ-
ate from known haematopoietic lineages.

Whether distinct mechanisms differentially regulate lymphatic vessel
formation from venous and non-venous LEC progenitors is largely un-
known. Mahadevan et al."*" reported that in the chick and mouse, gut
lymphatic vessel formation relies on prior growth of arteries that coin-
cides with the asymmetric gut tube looping and is restricted to the left
side of the developing dorsal mesentery. Asymmetrically expressed
Pitx2 drives expression of the Cxcr4 ligand Cxcl12 on the left side,
thereby directing asymmetric arteriogenesis, and regulates mesenteric
lymphatic vessel formation in an organ-specific manner. In particular,
Pitx2 deficiency was shown to specifically inhibit the formation of the
mesenteric lymphatic vessels, but not the venous-derived mesenteric
lymph sac, which was concluded to indicate the existence of an alter-
native non-venous-derived LEC progenitor population.131 Organ-
specific effects of genetic targeting of the Vegfr3/PI3K kinase pathway
further indicated differences in the molecular regulation of mesenteric
compared with dermal lymphatic vessel formation. Deletion of p110a
catalytic subunit of the PI3K specifically in the LECs, or combined
haploinsufficiency for genes encoding p110a and Vegfr3 resulted in
organ-specific defects in the development of mesenteric and intestinal
lymphatic vessels." In addition, global deletion of the p110a regulatory
subunits p85a, p55a, and p50a resulted in organ-specific lymphangiec-
tasia of intestinal lymphatic vessels with less pronounced defects in
other lymphatic vascular beds."*?

Although the dermal and mesenteric non-venous LEC progenitors
have distinct embryonic sources, they display similarities in marker ex-
pression. Non-venous-derived LECs can be differentiated by their ini-
tial low expression of Lyve1 both in the mesentery and skin."*"® Lyve1
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is, however, quickly up-regulated as the clusters assemble, and the
non-venous-derived LECs share expression of several markers of
venous-derived LECs, including Vegfr2, Vegfr3, Prox1, Nrp2, and
Pdpn. Also Tie2, which is initially not expressed in the dermal LEC clus-
ters, is induced as the vessels assemble and mature.™

3.5 Non-venous origin of cardiac LEC
progenitors

Klotz et al. reported that part of the lymphatic vasculature in the heart,
similar to the dermal LEC clusters, could not be traced by the Tie2-Cre
transgene."? This suggests that local blood vessels, which are presum-
ably efficiently targeted by the Tie2 transgene, are unlikely to provide a
source of cardiac LECs, but they are instead derived from a
non-endothelial cell origin or a Tie2 negative vascular bed. Based on
positive lineage tracing with the haematopoietic Vav1-Cre and E7 in-
duced Csf1r1MeicreMer yS HemECs were suggested as the source of
cardiac LECs."® It was previously shown that early induction of
Csfir1MericreMer 1abels erythro-myeloid progenitors (EMPs), which are
the major haematopoietic progenitors produced in the YS."3%134
However, YS-derived EMPs can also be labelled in Tie2 MercreMer by in-
duction at E7.5,134 and it would thus be expected that YS-derived
haematopoietic progenitors and their progeny, in contrast to the
non-venous-derived cardiac LECs, are similarly targeted by the consti-
tutive Tie2-Cre transgene. Supporting this notion, constitutive Tie2-Cre
labels the majority of CD11b+ myeloid cells present in the E10 em-
bryo which at this stage mainly originate from the YS."*> Further evi-
dence for cardiac LEC origin was provided by lineage tracing by
Pdgfrb-Cre, which was postulated to support a HemECs YS-derived lin-
eage."® This was based on an earlier report of Pdgfr8 immunoreactivity
in the YS haemogenic endothelium,136 which is in contrast to the ab-
sence of PdgfrB expression in other BECs."*” Our recent data, how-
ever, indicate that the Pdgfrb-Cre transgene does not significantly
label YS haemogenic endothelium or YS-derived haematopoietic pro-
genitors'*> and the conclusion on the Pdgfrb-Cre-induced tracing of
LECs as a proof for a YS-specific lineage of non-venous-derived cardiac
LEC progenitors may need re-evaluation. Based on the available data,
cardiac non-venous LECs must thus be concluded to derive from a spe-
cific haematopoietic Vav1 positive cell lineage with a link to an early YS
Csf1r1 lineage originating from a unique, previously unknown Tie2
negative cell population. However, as discussed above, Tie2 negative
lineage tracing may alternatively indicate a non-endothelial rather
than endothelial origin of cardiac LECs. Klotz et al. excluded several
non-endothelial sources, including the WT1% pro-epicardial organ,
l"lesp']+ or Nkx2.57 mesoderm and Wnt1™ neural crest,13 and the
precise identity of the cardiac LEC progenitor thus remains to be
determined.

4. Concluding remarks

Reducing or increasing lymphatic vessel density and the lymphangio-
genic response have been put forward as possible therapeutic tools
to modulate inflammatory responses and cancer metastasis. However,
in light of our new understanding of lymphatic diversification in the
regulation of vessel- and vascular bed-specific functions, new strategies
to tune lymphatic responses in disease by regulating the molecular pat-
terning of vessels may prove to be as important as regulation of vessel
density alone. However, we still lack an adequate understanding of the
organ- and vessel-type-specific molecular differences of endothelium,

how they contribute to specific functions of lymphatic vessels, and
how the establishment and maintenance of these features are
regulated.

The discovery of (an) alternative non-venous origin(s) of LECs that
contribute to the lymphatic vasculature of the skin, mesentery, and
heart has changed our understanding of the mechanisms of embryonic
lymphatic vessel formation. Intriguingly, the source of the non-venous
LEC progenitors appears to be different in different organs, potentially
contributing to the development of organ-specific features within the
lymphatic network. We currently lack tools that allow isolation of
non-venous-derived LEC progenitors or their specific tracing in embry-
onic and postnatal tissues. These tools will be important for assessing
the contribution of different types of LEC progenitors to specific vas-
cular beds and for studying their role in lymphatic vessel homeostasis,
regeneration, and organ-specific molecular adaptation.
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