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Abstract 
Daubel, N. 2022. Lymphatic Vascular Morphogenesis. From Progenitors to Functional 
Vessels. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of 
Medicine 1831. 45 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1467-9. 

The lymphatic vasculature is an important part of the circulatory system and crucial for normal 
functioning and maintenance of tissues. Yet, our understanding of the processes underlying 
lymphatic development and homeostasis are surprisingly limited. 

Recent studies have uncovered a heterogeneous origin of lymphatic endothelium within 
different organs as well as different mechanisms of vessel formation. The mesentery is a fold 
of peritoneum that attaches the intestines to the abdominal wall and harbours nerves, blood and 
lymphatic vessels which supply the intestines. Here, the lymphatic vasculature forms through a 
process termed lymphvasculogenesis, during which non-venous derived lymphatic endothelial 
cell (LEC) progenitors assemble into vessels. Parallel to this process, the mesenteric blood 
vasculature undergoes extensive remodelling. In paper II we show that this is accompanied 
by a transient extravasation of red blood cells (RBCs). Engulfment of RBCs by developing 
lymphatic vessels indicate a novel role of lymphatics in clearance of extravasated RBCs. In 
paper III we further analyse early LEC progenitors in the mesentery and show that they exhibit 
unique characteristics including membrane blebbing that may facilitate LEC migration during 
lymphvasculogenic vessel formation. 

The primitive lymphatic plexus further develops into mature vessels with blind ended, 
highly specialized segments termed lymphatic capillaries. Individual capillary LECs possess 
a characteristic oak leaf like shape and discontinuous button like junctions. In paper IV we 
propose a new model of cell shape regulation in lymphatic capillaries that is based on the 
interplay of the cytoskeleton and a unique organization of cell-cell junctions. We further report 
that acquisition of oak leaf shape precedes junctional specification, and is not a mere result of 
button junction formation in dermal lymphatics. 

CreERT2 mouse lines are used across many fields of biological research, including 
the here presented studies, because they allow for targeted gene deletion upon inducible 
genetic recombination. In paper I we report that, unexpectedly, several commonly used 
CreERT2 mouse lines exhibit a weak baseline Cre activity leading to induction-independent 
recombination. This has important implications for the interpretation of results from Cre/loxP 
experiments, especially when performing lineage tracing. 

Focusing on different aspects of lymphatic vascular biology, this thesis work reveals yet 
undescribed mechanisms by which LECs form new vessels, contribute to tissue integrity during 
vascular remodelling and maintain mature lymphatic vessel integrity through a unique interplay 
of cell shape and junctional organization. 

Keywords: Lymphatic vasculature, morphogenesis, lymphvasculogenesis, mesentery, 
lymphatic capillary 

Nina Daubel, Department of Immunology, Genetics and Pathology, Vascular Biology, 
Rudbecklaboratoriet, Uppsala University, SE-751 85 Uppsala, Sweden. 

© Nina Daubel 2022 

ISSN 1651-6206 
ISBN 978-91-513-1467-9 
URN urn:nbn:se:uu:diva-470996 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-470996) 

http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-470996


 

 

 

 

 

 

“Life – is the sum of tiny movements” 

 

                                                            Joseph Brodsky 

 

мир 

 

 

  



 



List of Papers 

This thesis is based on the following papers, which are referred to in the text 

by their Roman numerals. 

I. Álvarez-Aznar A, Martínez-Corral I, Daubel N, Betsholtz C, 

Mäkinen T, Gaengel K. (2020) Tamoxifen-independent 

recombination of reporter genes limits lineage tracing and mosaic 

analysis using CreER T2 lines. Transgenic Res. 29: 53–68 

(2020) doi: 10.1007/s11248-019-00177-8. 

 

II. Zhang Y, Daubel N, Stritt S, Mäkinen T. (2018) 

Transient loss of venous integrity during developmental vascular 

remodeling leads to red blood cell extravasation and clearance by 

lymphatic vessels. Development 145: pii:dev156745 (2018) doi: 

10.1242/dev.156745.  

 

III. Daubel N, Wolters K, Mäkinen T.  

Membrane blebbing in lymphatic endothelial progenitors during 

lymphvasculogenic vessel formation. Manuscript 

 

IV. Daubel N, Schoofs H, Brakebusch C, Benedito R, Gängel K, 

Mäkinen T. Homeostatic maintenance of lymphatic capillary 

integrity depends on cytoskeletal regulation of cell junctions. 

Manuscript 

 

Reprints were made with permission from the respective publishers. 

  



 



Contents 

Introduction................................................................................................... 11 
The lymphatic vasculature and its origin ................................................. 11 

Early development of lymphatic vessels from venous and non-

venous sources ..................................................................................... 13 
Development of the mesenteric lymphatic vasculature through 

lymphvasculogenesis ........................................................................... 16 
Maturation and maintenance of lymphatic vessels .............................. 18 

The cytoskeleton of endothelial cells ....................................................... 21 
Regulation of cell-cell junctions .......................................................... 22 
Cell migration in a 3D matrix environment ........................................ 26 
The role of blebs in cell migration ...................................................... 27 

Aims of research ........................................................................................... 29 

Present investigations ................................................................................... 30 
Paper I - Tamoxifen-independent recombination of reporter genes 

limits lineage tracing and mosaic analysis using CreER T2 lines ............. 30 
Paper II – Platelets maintain venous endothelial integrity during 

developmental vascular remodelling in mice ........................................... 32 
Paper III - Membrane blebbing in lymphatic endothelial progenitors 

during lymphvasculogenic vessel formation ............................................ 33 
Paper IV - Homeostatic maintenance of lymphatic capillary integrity 

depends on cytoskeletal regulation of cell junctions................................ 34 

Outlook ......................................................................................................... 35 

References ..................................................................................................... 37 

 

  



 



Abbreviations 

AJ 

Arp2/3 

CDC42 

Clec1b 

Cre  

Cre-ERT2 

Dll4 

E-number 

EC 

ECM 

EPHB4 

FACS 

fmnl3 

FOXC2 

GAP 

GDP/GTP 

GEF 

IF 

LEC 

LoxP   

LYVE1 

 

mDia 

MT 

N-WASP 

NRP2 

P-number 

PDPN 

PECAM-1/CD31 

PGC 

PI3K 

PIP3 

PLLV  

Adherens junction 

Actin-Related Protein2/3 complex 

Cell division control protein 42 homolog 

C-type lectin domain family 1 member B 

Cyclization recombination protein 

Tamoxifen inducible estrogen receptor Cre 

Delta Like Canonical Notch Ligand 4 

Embryonic day  

Endothelial cell 

Extracellular matrix 

Ephrin receptor B4 

Fluorescense activated cell sorting 

Formin Like 3 

Forkhead box protein C2 

GTPase-activating protein 

Guanosine di-/triphosphate 

Guanine nucleotide exchange factor 

Intermediate filament 

Lymphatic endothelial cell 

Locus of X-over-P1 

Lymphatic vessel endothelial hyaluronan 

receptor 1 

Mammalian diaphanous-related Formin  

Microtubules 

Neuronal-Wiskott-Aldrich syndrome protein 

Neuropilin2 

Post-natal day 

Podoplanin 

Platelet endothelial cell adhesion molecule 

Primordial germ cell 

Phosphoinositide-3 kinase 

Phosphatidylinositol (3,4,5)-trisphosphate  

Peripheral longitudinal lymphatic vessel 



 

PROX1 

pTD  

Rac1 

Rap1 

RBC  

RhoA 

Rnd3 

ROCK 

SMC 

Tie2 

 

TJ 

VEGF-C          

VEGFR  

WAVE 

Prospero homeobox protein 1 

Primordial thoracic duct 

Ras-related C3 botulinum toxin substrate 1 

Ras-related protein 1 

Red blood cell  

Ras homolog gene family member A 

Rho-related GTP-binding protein 3 

Rho-associated protein kinase 

Smooth muscle cell 

Tyrosine kinase with immunoglobulin-like 

and EGF-like domains 2 

Tight junction 

Vascular endothelial growth factor C 

Vascular endothelial growth factor receptor 

WASP-family verprolin- homologous protein

 

 



 

 11 

Introduction 

The lymphatic vasculature and its origin  

Lymphatic vessels are an important part of the circulatory system, whose main 

function is to absorb interstitial fluid and macromolecules and return them to 

the circulation at points where venous and lymphatic vessels connect. In the 

intestine, specialised lymphatic vessels termed lacteals absorb dietary fat and 

fat-soluble vitamins. Lymphatics are also crucial for immune cell trafficking 

and are involved in cholesterol metabolism (1,2). An important manifestation 

of a dysfunctional lymphatic vasculature is lymphedema, but lymphatics have 

also been associated with inflammation, obesity and cardiovascular disease 

and they play an important role in tumour metastasis and immunity (1,3).  

The lymphatic vasculature is a blind-ended vessel network consisting of three 

main subunits which differ structurally and functionally. Lymphatic 

capillaries, the initial segments at the distal part of the network, consist of oak 

leaf shaped endothelial cells (EC) that are loosely connected by button-like 

intercellular junctions (4). Being only sparsely covered by a basement 

membrane and lacking a smooth muscle cell layer, lymphatic capillaries 

absorb interstitial fluid and serve as entry points for immune cell intravasation. 

They are attached to the surrounding tissue through anchoring filaments, 

which allow for a rapid adaptation to interstitial pressure and increased fluid 

uptake by regulation of the inter-cellular gaps (5). Pre-collecting vessels 

connect capillaries to collecting vessels, which are composed of ECs 

connected by continuous zipper-like junctions. Equipped with a continuous 

basement membrane and smooth muscle cell (SMC) layer as well as valves, 

collecting vessels are highly specialized for efficient unidirectional transport 

of lymph. Pre-collecting vessels represent an intermediate phenotype between 

collecting vessels and capillaries, in that they possess oak-leaf shaped ECs and 

valves.   

Although already observed in classical antiquity, lymphatics have been 

overlooked during 2000 years of physiological history, only to be 

rediscovered as “white veins” in the 17th century (6). Another 280 years later, 

seemingly contradictory findings sparked a debate on the origin of these 

structures, as Florence Sabin postulated in 1902 that lymphatic vessels arose 

through budding from veins (7,8), while Huntington and McClure published 
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their findings in 1910, stating that lymphatics were of mesenchymal origin 

(9). While the latter worked on reconstructions of histological sections of cat 

embryos, Sabin carried out ink injection experiments in pig embryos. 

Although reports supporting both hypotheses were published in the course of 

the following 100 years (10), in the early 2000s lineage tracing analyses in 

mice (11) confirmed Sabin’s model and helped establishing the dogma of 

venous origin of lymphatic vessels. However, studies carried out in turtles 

(12), Xenopus (13), and quail-chick (14) or quail-mouse (15) chimeras, 

suggested a second, non-venous origin of parts of the lymphatic vasculature 

and recent investigations using lineage tracing in mouse embryos could 

demonstrate a heterogeneous origin of lymphatic endothelial cells (LECs) also 

in mammals on the level of individual organs (16,17).  
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Early development of lymphatic vessels from venous and non-

venous sources 

Venous origins. The homeobox transcription factor PROX1 has been found 

to be the main regulator of LEC differentiation and identity (18,19). 

Mammalian lymphatic development, which will be the focus here, has been 

studied extensively in mice. In the mouse embryo, lymphatic development is 

initiated at embryonic day (E) 9.5-10, when a subset of ECs within the cardinal 

vein starts to express PROX1 and subsequently detaches from the vein to form 

the first primitive lymphatic structures, the dorsal peripheral longitudinal 

lymphatic vessel (PLLV) and ventral primordial thoracic duct (pTD) (20). 

Subsequently, these primitive structures, also called jugular lymph sacs, give 

rise to initial lymphatic plexuses through sprouting of vessels. Further 

remodeling and maturation of the initial plexuses results in a functional 

lymphatic vasculature, as will be discussed later (21). Interestingly, a 

heterogenous origin of ECs has been described already at the level of the 

cardinal vein with ECs derived from both the lateral plate mesoderm as well 

as the paraxial mesoderm during early development. Concomittently, a 

substantial contribution of paraxial mesoderm derived ECs could be 

demonstrated to many lymphatic vascular beds (22). Apart from the cardinal 

vein, the intersomitic vessels (23) and superficial venous plexus (20) have 

been suggested as additional venous sources for LEC progenitors in mice. 

Similarly, the retroperitoneal, or mesenteric, lymph sac develops from 

PROX1+ ECs arising within the superior mesenteric vein at E12.5 (24). 

Detachment of progenitors from the vein has been described as budding of 

interconnected strings of cells (20,23). Migration of LECs from the vein is 

highly dependent on the vascular endothelial growth factor (VEGF-C) (25), 

which is the most significant growth factor regulating lymphatic development 

through binding to its receptor VEGFR3 (26). Both VEGFR3 as well as 

neuropilin 2 (NRP2), a VEGF-C co-receptor (27), are upregulated in LEC 

progenitors after migration from the vein (20). Another marker of lymphatic 

identity, the hyaluronan receptor LYVE1 is already expressed in LEC 

progenitors still residing within the cardinal vein, while expression of 

podoplanin (PDPN), a transmembrane glycoprotein interacting with platelets 

and crucial for the separation of venous and lymphatic networks (28), 

commences in the endothelium of lymph sacs at E11 (20). 

Alternative origins. A number of recent studies has begun to illustrate the 

apparent complexity and heterogeneity in lymphatic vascular morphogenesis, 

reviving the old idea of alternative origins of the lymphatic vasculature 

(22,24,29–33). Genetic lineage tracing studies revealed a non-venous origin 

for a subset of LECs in the dermal skin as well as the mesentery of mouse 

embryos (24,30). During development of the superficial lymphatic 



 

 14 

vasculature in the lumbar region of the skin, clusters of LECs could be 

observed, which were not connected to lymphatics sprouting from the jugular 

lymph sac. These clusters expressed the lymphatic markers PROX1, NRP2 

and VEGFR3, but, in contrast to ECs in the lymph sac, not LYVE1. Lineage 

tracing experiments using the pan-endothelial marker Tie2 as a driver of Cre 

recombinase expression, further showed that LECs within clusters were not 

derived from Tie2 lineage ECs in contrast to LECs in the lymph sac and 

sprouts (30). Another study identified similar clusters in the cervico-thoracic 

region of the embryonic dermal skin and showed that these were likely derived 

by sprouting from the dermal capillary-plexus. In contrast to the progenitor 

clusters in the lumbar region, these clusters could be fluorescently labeled 

using a Tie2-Cre construct, suggesting an endothelial origin (31). 

In the developing mesentery, clusters of LEC progenitors were found not 

being connected with the mesenteric lymph sac or first lymphatic vessels 

sprouting from it. As in the skin, LECs within clusters expressed high levels 

of lymphatic markers PROX1, NRP2 and VEGFR3 while LYVE1 expression 

was minimal in contrast to ECs of the mesenteric lymph sac. Using a 

combination of flow cytometry and lineage tracing approaches with markers 

for hemogenic endothelium (cKit) and definitive hematopoietic cells (Vav), 

mesenteric LEC progenitors could further be shown to be derived from cKit+ 

hemogenic endothelium but were not of definitive hematopoietic lineage (24). 

Surprisingly, another recent study identified non-venous derived LECs of 

Vav1 lineage contributing to a considerable part of the lymphatic vasculature 

of the heart in mice (29). Furthermore, the second hear field has been 

identified to be the origin of parts of the lymphatic vasculature of the heart 

(32,33).  

Taken together, the described findings propose a new model of lymphatic 

development, in which in parallel to the lymphangiogenic sprouting from 

veins, LEC progenitors of different origins assemble and coalesce in a process 

termed lymphvasculogenesis. Of note, confusing or seemingly contradictory 

results of Cre/loxP lineage tracing analyses, as briefly indicated above, can 

arise from a variety of factors. The use of adequate reporter lines and cell type 

specific promoters as well as tightly defined windows of induction and 

recombination are some of the challenges of lineage tracing experiments that 

need to be tackled in experimental design (16). Additionally, the choice of a 

Cre reporter line may affect the results from experimental analyses and a case 

study exemplifying this will be described later in more detail. 
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Fig.1 Heterogenous origin of the embryonic lymphatic vasculature  

Summarized reports of LEC progenitors with heterogenous origin contributing to the 

development of the lymphatic vasculature in different organs. A) LECs that sprout from 

the cardinal vein and intersomitic vessels to form the first lymphatic structures, have 

been show to originate from paraxial mesoderm as well as lateral plate mesoderm. B) A 

non-venous origin has been shown for LEC progenitors contributing to the development 

of lymphatics in the mesentery, skin, and heart . Reprinted with permission from (17) 
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Development of the mesenteric lymphatic vasculature through 

lymphvasculogenesis 

As discussed above, the mesenteric lymphatic vasculature was shown to form 

from both venous and non-venous sources. Here, the assembly of vessels from 

non-venous progenitors will be discussed in more detail. At E13 isolated 

clusters of ECs expressing lymphatic markers could be detected both in close 

proximity and distally to blood vessels. Analyzing consecutive developmental 

stages between E13 and E14.5, progenitors were found to progress from 

individual cells to clusters of several cells and aggregates of multiple clusters, 

which finally coalesced to form the first network of vessels in proximity to the 

veins (schematic in Fig.2). Of note, these different stages could often be 

observed within the same mesentery, indicative of a short time period of vessel 

formation.  

Interestingly, VEGFR3/PI3K signaling pathway was found to be selectively 

required for the formation of mesenteric lymphatic vessels. Phosphoinositide-

3-kinases (PI3K) of the class 1A sub-family, and in particular their catalytic 

subunit p110, was previously shown to play a critical role in blood vessel 

formation (34–36). PI3K is ubiquitously expressed in endothelial cells and 

activated by VEGFR2 and VEGFR3 mediated signaling (26,37). Mice 

carrying heterozygous alleles for Vegfr3 null and Pik3ca encoding kinase-

dead p110 catalytic subunit of PI3K lacked mesenteric lymphatic vessels and 

died perinatally, while single heterozygous mutants developed into adulthood. 

Cre-mediated deletion of Pik3ca in LECs also resulted in a reduced number 

of lymphatic vessels in embryonic mesenteries (24). In both mutants, the early 

embryonic development of dermal lymphatic vessels was not affected, 

indicating organ-specific mechanisms of lymphatic vessel formation that are 

differentially dependent on PI3K signalling. 
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Fig.2 Heterogenous Origins and Formation of the Mesenteric Lymphatic 
Vasculature  

Schematic model of mesenteric lymphatic vascular development showing venous-
derived LECs sprouting form the mesenteric lymph sac and cKit lineage LEC 
progenitors of hemogenic endothelial origin assembling into clusters and forming 
vessels around mesenteric veins. Blue, venous EC; light red, arterial EC; green, LEC; 
and dark red, non-venous LEC progenitors. Adapted from (24) 
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Maturation and maintenance of lymphatic vessels 

The initial lymphatic plexus undergoes further remodelling and develops into 

the hierarchical network of capillaries, pre-collecting and collecting vessels. 

Several major events mark this transition: the development of intraluminal 

valves and recruitment of SMCs in collecting vessels, as well as the formation 

of discontinuous “button-like” junctions in lymphatic capillaries. Since 

development of the initial plexus occurs at different timepoints in the various 

vascular beds, the onset of the maturation process varies accordingly (38–41).  

In the following, maturation of collecting vessels, which has mainly been 

studied in the mesentery, will be discussed first. Remodelling of the 

mesenteric lymphatic vasculature begins during mid-gestation, after 

completed formation of the initial plexus through lymphvasculogenic as well 

as lymphangiogenic processes (40,42). There, intraluminal valves were 

observed to develop predominantly at branchpoints of the lymphatic plexus, 

where early linear lymph flow, starting around E16.5, is perturbed. 

Recirculating flow dynamics likely induce expression of the key regulator of 

collecting vessel identity, the transcription factor FOXC2, as could be 

demonstrated in vitro (42). During valve morphogenesis, 

PROX1high;FOXC2high LECs form a ring structure at the future valve location 

and subsequently migrate towards the vessel lumen to eventually form two 

leaflets consisting of two cell layers, separated by a sheet of extracellular 

matrix (ECM) (43,44). Apart from FOXC2, several factors important during 

this process have been identified and include molecules regulating cell 

polarity, mechano-sensing and junction-based signal transduction amongst 

others (44–48). In addition to its role in valve development, FOXC2 has also 

been shown to be involved in downregulation of LYVE1 expression, 

maintenance of zipper junction integrity and SMC patterning of lymphatic 

collecting vessels (38,40,49), all of which represent important processes in 

collecting vessel maturation and homeostasis. An important factor 

participating in the maintenance of mature collecting vessel integrity is 

EphrinB2-EphB4 signalling, which was shown to orchestrate collecting vessel 

junction integrity via cytoskeletal mechanisms (50).  

Relatively little is known about the processes involved in maturation of 

lymphatic capillaries compared to collecting vessels. Capillary junctions in 

the trachea and diaphragm can be observed to remodel from E16.5 onwards 

(39,51), although in a time course analysis, buttons accounted for the great 

majority of capillary junctions only after weaning (39). In the ear skin, the 

lymphatic vasculature forms through sprouting and outgrowth during the early 

post-natal period. There, mature collecting vessels, indicated by the presence 

of SMCs and valves, can be observed from post-natal day (P) 14 (41). 

However, according to our unpublished observations remodelling of ear skin 
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capillary junctions occurs not until around 5 weeks after birth. Discontinuous 

cell-cell junctions of lymphatic capillaries often decorate areas where 

neighbouring LECs overlap and these “intercellular clefts” or “flap valves” 

are generally believed to facilitate fluid uptake and immune cell entry 

(4,52,53). Hence, junctional remodelling into buttons is thought to coincide 

with and likely be driven by increased amounts of interstitial fluid, that needs 

to be drained by the lymphatic network. 

Importantly, the molecular composition of button and zipper junctions is very 

similar as both were shown to harbour several junction associated molecules 

like VE-cadherin, Claudin-5 and ZO-1 amongst others. One exception seems 

to be PECAM1 (CD31), which was mostly absent from areas expressing the 

aforementioned junction markers in capillary LECs, while present in between 

discontinuous junctions (4). Although very different from its localization in 

the endothelium of other vessel types, including lymphatic collecting vessels, 

a function of this particular localization is not fully understood. Interestingly, 

although a major constituent of button junctions, VE-cadherin (45) was shown 

to be dispensable for their maintenance in adult ear skin. Also Angiopoietin-

2/Tie2 signalling has been reported to be important for button junction 

formation, but not for their maintenance in adult tissue (51), suggesting that 

buttons are stable once formed. As a highly specialized part of the lymphatic 

network, the lacteals of intestinal villi not only possess a rather distinct 

junctional organization with zippers as well as buttons, but were also shown 

to be dependent on VEGF-C-VEGFR3-Dll4 signalling for their maintenance 

(54). Intriguingly, gut microbiota were found to be an important trigger for 

VEGF-C production and hence essential for lacteal integrity (55). 

Taken together, lymphatic vessel maturation and maintenance appears to be a 

multifaceted process with various tissue- and organ-specific aspects. Further 

investigations are needed to uncover more details of the fundamental 

mechanisms ensuring proper lymphatic vessel function.  
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Fig.3 Organization of mature lymphatic vessels  

Overview of a typical lymphatic vessel and its hierarchical organization, as can be 
found in many vascular beds including the skin.  
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The cytoskeleton of endothelial cells 

The cytoskeleton is the literal backbone of a cell. A typical eukaryotic cell, 

and endothelial cells are no exception here, possesses three main components 

that form the cytoskeletal network: actin filaments, intermediate filaments and 

microtubules (56). Filamentous (F-) actin or microfilaments are 4-7 nm wide 

strands of polymerized globular (G-) actin, that are polarized and can either 

be bundled, as in the case of stress fibers, or form a branched meshwork, as 

can be seen in the cell membrane underlying cortex or the leading edges of 

migrating cells (57,58). Microtubules (MT) are hollow polarized tube like 

structures of 25 nm diameter, typically assembled from 13 so called 

protofilaments, which themselves are heteropolymers of alpha- and beta-

tubulin molecules (59,60). The composition of intermediate filaments (IF) 

varies greatly between cell types with vimentin being the main IF forming 

protein in endothelial cells, next to nuclear associated lamins. An individual 

IF is formed through the assembly of multiple IF protein dimers into a bundle. 

It is not polarized and has a diameter of 10-12 nm (61). All three cytoskeletal 

networks are dynamic structures that are in a constant equilibrium of 

polymerization and depolymerization. Actin filaments and their associated 

motor protein myosin are thought to provide force and motility, while IF seem 

to be important for the cells’ flexibility and ability to withstand strain. 

Microtubules, apart from forming the mitotic spindle, serve as transport routes 

for macromolecules, vesicles and organelles together with their specific motor 

proteins dynein and kinesin. Although each component in theory has its 

specific function, redundancy is likely in many processes. For example, lack 

of a severe phenotype in vimentin deficient mice could be attributed to 

microtubules taking on IF function (62,63). Furthermore, disruption of 

microtubules has been described to promote actin filament reorganization and 

impaired response to fluid shear stress in vitro (64–66).  

Small GTPases are key regulators of many cellular processes, including the 

cytoskeleton. Their simple mechanism of cycling between an active, GTP 

bound state and an inactive, GDP bound state provides the switch for an 

intricate interplay of signaling cascades. They act via a variety of effector 

proteins and are themselves regulated by multiple specific guanine nucleotide 

exchange factors (GEFs) and GTPase-activating proteins (GAPs), with the 

latter leading to inactivation through GTP hydrolysis. The Rho family of small 

GTPases has been studied extensively in the context of cytoskeletal 

mechanisms, in particular RhoA, CDC42 and Rac1, but also Rap1, a member 

of the Ras family has been identified as a key regulator (67,68). Most studies 

demonstrate their regulatory function on actin assembly and disassembly, 

however several reports indicate a role in microtubule organization as well, 

again pointing towards an interconnected orchestration of cytoskeletal 

components (69–72). 
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Regulation of cell-cell junctions 

The cytoskeleton of an individual cell within a multicellular tissue is 

connected to the ECM and the neighboring cells through multi-protein 

complexes harboring junctions (73,74). While cell-ECM connections are 

enabled by so called focal adhesions, connections between individual cells are 

comprised of specialized junctions, of which two varieties, tight and adherens 

junctions, can be found in most cell types (75). In epithelial cells, where 

junctional structure and function has been studied most extensively, the 

localization of tight junction (TJ) is very distinct from that of adherens 

junction (AJ), allowing for apico-basal cell polarization and ensuring barrier 

function of the respective tissue (75,76). In ECs of most vascular beds 

however, and particularly in LECs both junction types can be found in a less 

structured arrangement, with the major TJ associated molecules claudins and 

occludins, as well as AJ associated cadherins interspersed along the junction 

(4,77). Cadherins have been shown to translate mechanical stimuli like tension 

and fluid shear stress into signaling cascades leading to cytoskeletal 

rearrangements and cell shape changes in both epithelial and endothelial cells 

(78,79). Vascular endothelial (VE)-cadherin as well as epithelial (E)-cadherin 

both connect to the actin cytoskeleton through interaction with a multi-protein 

complex containing alpha-catenin, beta-catenin, and vinculin (74,80–82). 

Furthermore, in EC, also PECAM-1 and VEGFR2/3 have been demonstrated 

to participate in mechanotransduction (83,84).  

Formins, being actin bundling molecules are important mediators of 

junctional stability and an essential role for the formin mDia1 in mammalian 

epithelial cells (85) and fmnl3 in zebrafish blood endothelium (86) has been 

described. Of interest, mDia1 and fmnl3 was also shown to promote the 

coordination and stabilization of microtubules (87–89) and microtubules were 

also reported to interact with alpha-catenin and p120-catenin at AJ of 

epithelial cells (90,91). Whether microtubules actively participate in junction 

reinforcement or rather provide a transport route for junctional molecules 

remains unclear.  

Junctional integrity and the tightness of adhesion junctions directly influence 

endothelial barrier function and vascular permeability and AJ structure is 

concomitantly dynamic. Indeed, at least in vitro, AJ can be observed in two 

conformations, linear AJ, connected to actin fibers paralleling the cell border 

and punctate contacts, termed focal adherens junctions (FAJ), that are 

anchored in radially aligned actin fibers which seem to pull at the junctions 

(73,80,92). Linear AJ can be remodeled into FAJ upon exposure to 

permeability promoting factors (80). This process involves the rearrangement 

of AJ associated parallel actin fibers into radial bundles, mediated by the small 

GTPase RhoA and its effector ROCK (80). The now reduced cell-cell contact 
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provides increased permeability and presumably leads to intensified tension 

acting on the remaining VE-cadherin/alpha-catenin/beta-catenin/F-actin 

complexes. Alpha-catenin is then thought to undergo a mechanically induced 

conformation change and this ‘unfolded’ alpha-catenin recruits vinculin to the 

FAJ. Vinculin, together with other actin binding proteins additionally binds 

and stabilizes actin and thereby reinforces junctional stability (80,81,93,94). 

While RhoA/ROCK activity is associated with decreased AJ integrity and 

radial stress fiber formation, CDC42 and Rac1 were shown to induce the 

formation of cortical actin bundles and to promote linear AJ assembly through 

a variety of effector proteins and under the upstream control of Rap1  (95–99).  

Rap1 has been described as a major orchestrator in the establishment and 

maintenance of cell-cell and cell-ECM junctions, and, like other small 

GTPases, it was reported to participate in various other cellular processes, 

such as cell migration and cell polarity (100). Constitutive double knockout 

of its two isoforms was reported to result in embryonic lethality (101), 

although post-natal genetic deletion did not show a clear phenotype (102). 

Rasip1, a protein interacting with Rap1, was demonstrated to be important for 

the regulation of junctional integrity in vivo and its requirement for blood and 

lymphatic vessel morphogenesis was described in mouse as well as zebrafish 

(103–106). 

One in vivo study of particular interest in the context of this work 

demonstrated a striking junction mediated mechanism employed by blood 

endothelial cells during vessel anastomosis in zebrafish (107). Paatero and 

colleagues showed that ECs of the dorsal longitudinal anastomosing vessel 

used VE-cadherin/F-actin based protrusions while moving over each other. In 

their proposed model of the process, these protrusions are initiated distally 

from existing junctions as lamellipodia-like formations, containing F-actin 

and diffuse VE-cadherin. Upon elongation, new VE-cadherin based contacts 

are formed with the underlying cell that remodel into a new junction at the tip 

of the protrusion. F-actin dynamics then pull the former, now proximal 

junction towards the new distal one, resulting in a ratchet-like movement of 

the participating cells.  

Constitutive pan-endothelial deletion of VE-cadherin itself in mice was shown 

to be lethal due to defective morphogenesis of the blood vasculature (108), 

while induced post-natal deletion caused increased vessel permeability only 

in some organs (109). Of note, post-natal deletion of VE-cadherin did not lead 

to junction disassembly, indicating its dispensability in mature junctions, at 

least under unchallenged conditions. Comparable results could be obtained 

upon LEC-specific deletion of VE-cadherin. Here, embryonic depletion lead 

to lethality, while post-natal induction resulted in tissue-specific defects, with 



 

 24 

a collapse of mesenteric and intestinal lymphatic vessels, leaving dermal 

lymphatics unaffected (45). 

It has to be pointed out at this point, that the biological relevance of a large 

part of the current knowledge regarding molecular regulation of cell-cell 

junctions is rather unclear, as in vivo evidence is scarce. The added degree of 

complexity arising once a cell is viewed in the native tissue context instead of 

a controlled and extremely simplified in vitro environment makes it difficult 

to reproduce or even assess many of the processes observed in the culture dish 

(110). An example of the limitations of in vitro studies of major importance 

in the context of this work is the regulation of cell-cell junctions in lymphatic 

capillaries. As discussed earlier, mature lymphatic capillaries exhibit 

discontinuous ‘button’ junctions, that arise from linear ‘zipper’ like junctions. 

Both harbor AJ as well as TJ associated proteins and are hence thought to be 

of similar composition, yet structurally and functionally different (4,39). The 

mechanisms regulating these differences however, cannot be studied in vitro, 

because so far LECs have not been observed to form button junctions in cell 

culture.  

Taken together, cytoskeletal and cadherin-mediated control of cell-cell 

junctions is not only important for homeostasis of cell layers and tissues, it is 

also an essential mechanism during morphogenesis and (collective) cell 

migration. The remaining chapter will focus on cytoskeleton related aspects 

in the context of cell migration.  
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Fig.4 Junction types in endothelial cells   

Simplified overview of endothelial cell-cell junctions. A) Claudin and Occluding 
based tight junctions and Cadherin based adherens junctions are spatially separated in 
epithelial cells, but only in few endothelial vessel beds. B) Interspersed tight and 
adherens junctions are most common in endothelial cells and particularly in 
lymphatics. C) In endothelial AJ, connecting actin filaments are parallelly aligned to 
the cell surface. D) Upon exposure to permeability promoting factors, AJ are 
reversibly remodeled into FAJ, which are connected to radial actin bundles and 
stabilized by the recruitment of Vinculin. Note that schematics represent two 
neighboring cells viewed from the side in A/B and from the top in C/D.   
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Cell migration in a 3D matrix environment  

Cell motility is essential for development and homeostasis and plays a key 

role in disease. Cells utilize different migration strategies dependent on the 

cell type and the microenvironment of the cell. While cell migration has been 

studied intensively in 2D, two distinct motility modes that have been described 

for cells in 3D environments will be discussed further in detail. Mesenchymal 

migration mode is characterized by an elongated cell shape and the formation 

of pseudopodia, filopodia like protrusions, at the cells’ leading edge, whereas 

in amoeboid migration mode, cells have an overall round shape and form 

spherical membrane protrusions, termed blebs (111–113). While both types of 

protrusions are dynamically formed and retracted during the migration 

process, they differ substantially in their structural organization and the 

molecular mechanisms underlying it.  

Pseudopodia, lamellipodia and other filopodia-like protrusions are elongated 

structures composed of actin filaments. Their formation has been shown to be 

regulated mainly by the small GTPases Rac1 and CDC42. Rac signalling 

regulates protrusion formation by activating the actin nucleation complex 

Arp2/3 through the Rac effector WAVE, while CDC42 induces the formation 

of filopodia through its effector N-WASP and promotes activity of Rac at the 

cells leading edge (111,112). Blebs however are formed through the interplay 

of intracellular pressure dynamics with the actin cortex and Myosin II, 

regulated by the small GTPase RhoA and its effector ROCK (114,115). The 

cortex is a layer of actin, myosin and actin binding proteins located underneath 

the cell membrane, which translates structural changes on the molecular level 

into dynamic surface tension and deformability of a cell (116) through 

RhoA/ROCK induced actomyosin contractility (117). The typical life cycle of 

a membrane bleb is characterized by a succession of initiation, expansion and 

retraction and has been described to progress over the course of seconds to 

minutes (114). Bleb initiation is thought to happen at loci of decreased cortical 

tension, e.g. at the base of filopodia, or at sites of ruptures in the cortex. During 

expansion the cell membrane detaches from the cortex and fills with 

cytoplasm leading to growth of the bleb until actin filaments assemble 

underneath its membrane and subsequent cortical tensions lead to collapse and 

retraction of the bleb (114,118). Bleb expansion and retraction has been found 

to be mediated by a feedback loop between RhoA/ROCK, the RhoA-

antagonist Rnd3 and p190-Rho-GAP, a GAP shown to inhibit RhoA activity 

(119,120). 

Certain cancer cell lines as well as cultured fibroblasts can switch between 

different migration modes. This switch is regulated by the balance of RhoA 

and Rac1 activity (115,119,121,122) and can be induced by changing the 

conditions of the surrounding matrix (119,121).  
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Blebs have also been observed during cytokinesis (123), apoptosis (124,125) 

or as a fixation artifact (126). However, of particular interest in the context of 

this study and as described above, they are utilized by migrating cells during 

developmental processes in vivo, which will be further discussed here. 

The role of blebs in cell migration 

During the unicellular life stage of the slime mold Dictyostelium discoideum, 

blebs have been observed to be associated with chemotaxis. Bleb formation is 

induced by a chemoattractant gradient and is critically dependent on 

Phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3, the phosphorylation 

product of PI3K, is a membrane-localized second messenger molecule, which 

recruits downstream effectors like GEFs, that in turn activate small GTPases, 

thus facilitating cytoskeletal dynamics (127,128). PIP3 has further been 

shown to be implemented in chemotaxis of mesenchymal migrating 

fibroblasts (129) and amoeboid migrating leukocytes in vitro (130) as well as 

in vivo (131). Interestingly, in the Dictyostelium model, both decreased and 

increased levels of PIP3 led to reduced blebbing (132), suggesting a feedback 

mechanism based regulation of PI3K activity and cytoskeletal dynamics 

underlying bleb formation.  

Blebs have also been described in migrating primordial germ cells (PGC) (59-

67). PGCs are progenitors of sperm and egg cells, that migrate from their 

tissue of origin to gonad primordia during embryonic development. Although 

the origin, specification and underlying mechanisms seem to differ between 

phyla, PGCs were found to migrate relatively long distances in all studied 

model organisms (133). In Drosophila, PGCs migrate from the posterior 

midgut to the gonadal endoderm where they condense into a gonad. During 

this transepithelial migration, PGCs exhibit short filopodia-like and large 

bleb-like protrusions in a seemingly unpolarized manner and return to their 

initial spherical form upon arrival at their final destination (134,135). PGCs 

of the Sea Urchin start protruding blebs and thin filopodia shortly before the 

onset of migration and isolated PGCs retain both protrusions in culture (136). 

Migration of zebrafish germ cell progenitors has been studied in more detail, 

revealing a combination of RhoA mediated retrograde actin flow, Rac1 

mediated formation of actin rich “brush” structures and their connection to 

neighboring cells via E-cadherin-containing focal adhesions as underlying 

mechanism for bleb based motility (137). However, these PGCs show a 

distinct polarization with few relatively large blebs at the leading edge of the 

cell, features that are different in other blebbing cells, raising the question of 

general applicability of this model. It remains unclear whether PGCs in the 

mouse embryo also display blebs, as, although present studies hint towards a 

similar phenotype as in the aforementioned models, more detailed 



 

 28 

microscopic observations are needed to resolve the morphology and mode of 

migration of murine PGCs (138,139). 

Interestingly, studies carried out in the teleost Fundulus identified a subset of 

“deep” cells in the blastoderm, which in addition to dynamically retracting 

blebs also formed larger, non-retracting blebs. Cell movement in this case was 

observed to happed through cytoplasmic flow, the growing bleb thus being 

filled with cytoplasm and the rest of the cell body following with the direction 

of the flow (140–142). Roughly 40 years later, a similar observation has been 

made in cultured zebrafish mesendodermal progenitors, which upon 

chemotactic stimulation switched to a “fast amoeboid” mode utilizing a stable 

bleb (143). However, evidence for an in vivo role of this bleb-based motility 

mode is insufficient. 

Although observed across phyla, blebbing seems to be a special mode of 

motility, employed only by a subset of cells within an organism or at a specific 

timepoint during a life cycle of a cell. In certain cancer cells, bleb-based 

amoeboid migration has been shown to be faster than mesenchymal migration 

and independent of proteolytic degradation of the extracellular matrix 

(144,145). Assuming also non-cancerous cells can actively switch to bleb 

based migration, what favours blebs over other types of migratory protrusions 

during different physiological processes and how exactly blebs promote 

locomotion remains to be investigated in detail. 
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Aims of research 

The lymphatic vasculature of the murine mesentery forms in large parts 

through the assembly of LEC progenitors into vessels in a process termed 

lymphvasculogenesis. Individual progenitors coalesce to clusters and further 

into strands of many LECs before forming primitive vessel structures along 

mesenteric blood vessels and nerves during the course of one day.  

The primitive lymphatic plexus further develops into a mature vascular 

network with blind-ended, highly specialized segments termed lymphatic 

capillaries. These are comprised of a thin monolayer of lymphatic endothelial 

cells which possess a characteristic oak leaf-like cell shape and discontinuous 

button-like junctions, the latter being thought of as a means to facilitate liquid 

uptake and immune cell entry. Despite the unique shape and function of 

capillary LECs, the mechanisms regulating their morphogenesis are yet to be 

discovered.  

The aim of the here presented work was to further characterize the process of 

lymphvasculogenic vessel formation by LEC progenitors in the mesentery and 

to investigate the underlying mechanisms of capillary lymphatic vessel 

morphogenesis.  
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Present investigations 

Paper I - Tamoxifen-independent recombination of 

reporter genes limits lineage tracing and mosaic analysis 

using CreER T2 lines 

CreERT2 mouse lines are frequently used across many fields of biological 

research, because they allow for targeted gene deletion upon inducible genetic 

recombination. The Cre/loxP system is based on the site-specific 

recombination ability of Cre, a DNA recombinase of the bacteriophage P1. 

Coexpression with a gene sequence flanked by the loxP recognition sites of 

Cre results in excision of that gene (146,147). The CreERT system, where Cre 

is fused to a modified estrogen receptor, additionally provides the possibility 

to temporally control recombination. Here, the cytosolic CreER can enter the 

nucleus to initiate recombination only upon exposure to Tamoxifen (148).  

In this study we report that, unexpectedly, several commonly used CreERT2 

mouse lines exhibit a weak baseline Cre activity leading to Tamoxifen-

independent recombination. After our initial observation of Tamoxifen-

independent baseline recombination using the tdTomato based fluorescent 

reporter Ai14 together with Cdh5-CreERT2, we systematically tested other 

CreERT2 lines combined with different fluorescent reporters. We found that 

background recombination was dependent on Cre expression and was not 

occurring outside of the targeted cell types. While all of the analysed CreERT2 

lines showed baseline recombination, the number of recombined cells varied 

largely across different reporter lines, with the highest amount in the Ai14 and 

Ai3 and the lowest in the R26R-EYFP reporter. Comparing the characteristics 

of the different reporter constructs, we conclude that their varying 

recombination threshold is most likely due to differences in the distance 

between the loxP sites.  

Taken together, we report on baseline Cre activity in inducible CreERT2 mouse 

lines together with a varying recombination threshold of commonly used 

fluorescent reporter lines, which is, at least in part, explained by loxP site 

distance. Due to the fact that many of these lines are used for lineage tracing 

studies and related applications requiring accurate labelling and tracking of 
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individual cells, unnoticed recombination might impede conclusions and 

needs to be accounted for in experimental design. 
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Paper II – Platelets maintain venous endothelial 

integrity during developmental vascular remodelling in 

mice 

In this study we investigated the mesenteric vasculature in mouse embryos 

prior to and during the early stages of lymphatic vascular development. We 

describe a transient stage during the development of the mesenteric blood 

vasculature, which is characterized by a loss of venous integrity apparent as 

gaps in the endothelium of remodelling veins and the extravasation of red 

blood cells (RBCs).  

The embryonic mesenteric blood vasculature undergoes extensive 

remodelling between E13 and E14, in which time also the lymphatic 

vasculature is formed to a large part through the assembly of LEC progenitors. 

We unexpectedly observed that during this process a considerable number of 

RBCs could be detected outside of blood vessels, many of which were in direct 

contact with individual LEC progenitors or engulfed by clusters of LECs. 

Furthermore, we detected the presence of activated platelets at venous 

endothelial gaps as well as on the luminal side of the intact endothelium, while 

no platelets were found outside of vessels. This suggests that in normal 

development, specific interaction of platelets with the endothelium or the 

surrounding matrix prevents their extravasation. 

The platelet lectin Clec1b (also known as CLEC2) is activated by binding to 

PDPN expressed by LECs and essential for the separation of lymphatic and 

venous vasculatures during development (28). Previous studies on Clec1b 

mutant mice reported blood-filled lymphatics, with the underlying mechanism 

being proposed as back-filling of lymphatics with blood via the lymphovenous 

junction. In agreement with these studies, our analysis of Clec1b deficient 

embryos revealed increased extravasation of RBCs but also the presence of 

platelets in the interstitial tissue. Both platelets and RBCs were associated with 

LEC clusters and newly formed lymphatic vessels in Clec1b mutant embryos, 

arguing against back-filling of lymphatic vessels by blood as the underlying 

mechanism. Instead our study indicates an active role of platelets in 

maintaining venous integrity during embryonic venous remodelling, and 

additionally reveals an important role of lymphatic vessels in clearing 

extravasated RBCs.  
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Paper III - Membrane blebbing in lymphatic endothelial 

progenitors during lymphvasculogenic vessel formation 

Lymphatic vessels of the murine mesentery form between E13 and E15 from 

non-venous derived cKit-lineage progenitors through a process coined 

lymphvasculogenesis (24). During this time, progenitors can initially be 

observed as single cells, clusters of several cells or aggregates of multiple 

clusters located in close proximity to the veins, before the first vessel-like 

structures can be detected around the veins.  

In this study, we further characterized LEC progenitors during 

lymphvasculogenic vessel formation. We found that, unlike ECs lining the 

vessels, progenitors exhibit long membrane protrusions and blebs at E13-E14. 

Blebs were more frequent in earlier stages of development and showed a 

cortical actin organization characteristic of dynamic motility-associated 

membrane blebbing. Nuclear morphology indicated that blebbing cells were 

not mitotic or apoptotic. This suggests that blebs may instead represent a 

means of movement for LEC progenitors through the mesenteric 

mesenchyme, as has been described for germ cell progenitors in Drosophila, 

Zebrafish and Sea Urchin (59-64). Cells within clusters or aggregates of 

multiple clusters were non-uniformly polarized, as assessed by analysing 

Golgi positioning and the Golgi-nucleus axis, arguing against collective 

migration of progenitors along the mesenteric veins. Using inhibitors of Rho-

family GTPases and the effector ROCK, we found that blebbing in LEC 

progenitors is specifically dependent on RhoA-ROCK signalling. Future 

research will address the functional role of blebs in LEC progenitors. 
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Paper IV - Homeostatic maintenance of lymphatic 

capillary integrity depends on cytoskeletal regulation of 

cell junctions 

Lymphatic capillaries are blind ended, highly specialized compartments of the 

lymphatic vasculature, whose main function is the uptake of interstitial fluid 

and macromolecules. In contrast to LECs of collecting vessels, capillary LECs 

possess a unique lobate shape, reminiscent of an oak leaf, as well as 

discontinuous `button like´ junctions. While the latter are thought of as a 

means to facilitate fluid entry, the overlapping lobes of neighbouring cells 

have been hypothesized to function as foldable `flap valves´. However, direct 

evidence for this is lacking and a mechanistic function for the characteristic 

lobate cell shape has not been described so far. 

In this study, we investigate the relationship between cell shape and junctional 

organization in capillary LECs. Using a specifically designed actin reporter 

line, we describe a distinct architecture of the capillary LEC cytoskeleton, 

where actin is localized mainly at the cell cortex and particularly at the convex 

lobes of oak leaf shaped cells. Microtubules on the other hand are mostly 

absent from lobes but connect the concave neck regions. We further report 

that acquisition of oak leaf shape precedes junctional specification, and is not 

a mere result of button junction formation in this cell type. Using conditional 

gene deletion, we show that the RhoGTPase CDC42 has a critical role in 

maintaining capillary LEC shape through the regulation of cytoskeletal 

organization, as Cdc42 mutant mice display altered microtubule and actin 

arrangements prior to disruption of the lymphatic capillary monolayer. 

Additionally, we describe that button junctions only represent a minor part of 

the total junctions present in lymphatic capillaries and conclude that the 

presence of a variety of junction types is pointing towards an actively 

rearranging, dynamic junctional organization that may allow for changes in 

the diameter of lymphatic capillaries upon interstitial volume alterations while 

maintaining the integrity of the monolayer.    
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Outlook 

Although the individual topics which make up this thesis don’t seem at first 

sight connected, they are in fact the results of our repeated observations of one 

common feature: the striking plasticity of LECs. From individual progenitors 

with blebs and long protrusions, assembling into clusters and vessels while 

engulfing extravasated RBCs, to beautifully shaped, interdigitated capillary 

LECs with unique cell-cell junctions specialized for fluid uptake, it is a 

striking variety of shapes and functions for one single cell type.  

Since our initial finding that LEC progenitors and developing lymphatic 

vessels engulf and eventually clear extravasated RBCs in the mesentery, other 

studies have demonstrated a similar role for meningeal and omental 

lymphatics (149,150), indicating a general feature of lymphatic vessels 

beyond a developmental context. 

Based on our analysis of the lymphvasculogenic process in the embryonic 

mesentery, we hypothesize that LEC progenitors employ blebs for migration 

through the mesenchyme, which at this point of development is a flat but 

densely folded tissue undergoing rapid expansion. Intriguingly, Dictyostelium 

cells have been shown to switch from pseudopodia based to bleb-based 

migration upon exposure to uniaxial pressure, which they sense through a 

Piezo channel mediated mechanism (151). Indeed, a similar process is very 

well conceivable in the case of LEC progenitors and it will be interesting to 

test this in an experimental setting.  

Perhaps the most striking aspect of mesenteric lymphvasculogenesis is its 

pace. First appearance of individual progenitors and formation of a primitive 

vessel network happens largely within 24 hours. While bleb-based migration 

might provide the rapid movement needed to enable this fast process, its 

quantitative analysis using gene-deletion or drug treatment has so far proven 

difficult. In fact, there seems to be a substantial degree of variation in the exact 

timing of the onset and further progress of lymphvasculogenesis, making 

precise coordination of experiments, but also quantitative comparison of 

phenotypes complicated. One way to overcome this is the establishment of an 

ex vivo culture setup that allows for controlled manipulation and (long term) 

observation of progenitors, ideally within their native tissue environment. An 
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interesting question to address in this context is to which degree proliferation 

of LEC progenitors contributes to vessel formation. Use of stochastic multi-

color reporters, such as R26-iMb2, will be informative to analyze clonal 

dynamics, given that LEC progenitors can be labeled efficiently. Further 

functional studies of the non-venous LEC progenitors will also benefit from 

the identification of molecular markers and generation of genetic tools that 

allow their specific labelling and targeting.  

Studies of lymphatic vessels in the ear skin revealed that the unique lobate cell 

shape of capillary LECs is based on a distinct arrangement of the cytoskeleton 

and precedes button junction formation, instead of being a result of the latter. 

Furthermore, our finding that the junctional organization of capillary LEC 

lobes is highly variable points towards an actively rearranging dynamic state 

of cell-cell contacts at lobe sites. Such a mechanism would allow for a 

controlled change in the diameter of the lumen upon increased interstitial fluid 

pressure and liquid uptake by lymphatic capillaries. To test and further 

strengthen our hypothesis, it will be important to carry out in vivo analyses of 

lymphatic capillaries in steady state as well as under increased interstitial 

pressure.  

Our results also suggest a potential role of microtubules in capillary LEC 

shape regulation. It would hence be revealing to study the effects of 

microtubule disruption or alteration of their distinct organization in capillary 

LECs. However, experimental disruption of microtubules relies on the use of 

inhibitors, which are not cell type-specific and likely to produce undesired 

side effects, given the importance of microtubules for a wide range of cellular 

processes.  

As mentioned earlier, the onset of button junction formation varies in different 

vascular beds (39,51). Consequently, it will be interesting to extend our 

analysis of lymphatic capillaries to tissues other than the ear skin. It remains 

to be shown which factors drive junctional reorganization and how they vary 

in different tissues. 

As a closing remark it is fair to say, that the findings presented here fit well 

with the ever-increasing number of reports on newly discovered types, 

functions and origins of lymphatic endothelial cells, which leave one curious 

about what is next to be revealed in this exciting period for the long neglected 

“white veins”.  
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