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Abstract: The importance of lymphatic vessels in a myriad of human diseases is rapidly gaining
recognition; lymphatic vessel dysfunction is a feature of disorders including congenital lymphatic
anomalies, primary lymphoedema and obesity, while improved lymphatic vessel function increases
the efficacy of immunotherapy for cancer and neurological disease and promotes cardiac repair
following myocardial infarction. Understanding how the growth and function of lymphatic vessels
is precisely regulated therefore stands to inform the development of novel therapeutics applicable
to a wide range of human diseases. Lymphatic vascular development is initiated during embryo-
genesis following establishment of the major blood vessels and the onset of blood flow. Lymphatic
endothelial progenitor cells arise from a combination of venous and non-venous sources to generate
the initial lymphatic vascular structures in the vertebrate embryo, which are then further ramified
and remodelled to elaborate an extensive lymphatic vascular network. Signalling mediated via
vascular endothelial growth factor (VEGF) family members and vascular endothelial growth fac-
tor receptor (VEGFR) tyrosine kinases is crucial for development of both the blood and lymphatic
vascular networks, though distinct components are utilised to different degrees in each vascular
compartment. Although much is known about the regulation of VEGFA /VEGFR?2 signalling in the
blood vasculature, less is understood regarding the mechanisms by which VEGFC/VEGFD/VEGFR3
signalling is regulated during lymphatic vascular development. This review will focus on recent ad-
vances in our understanding of the cellular and molecular mechanisms regulating VEGFA-, VEGFC-
and VEGFD-mediated signalling via VEGFRs which are important for driving the construction of
lymphatic vessels during development and disease.

Keywords: lymphangiogenesis; vascular endothelial growth factor (VEGF); vascular endothelial
growth factor receptor (VEGFR); signal transduction; vascular development

1. Introduction

The lymphatic vasculature comprises a hierarchical network of specialised vessels that
work cooperatively to return interstitial fluid to the blood circulation and thereby maintain
tissue fluid homeostasis. Lymphatic vessels are also crucial for regulating immunity and
for the absorption of lipids and lipophilic molecules from the digestive tract [1-3]. In
addition to these established roles of the lymphatic vasculature, exciting new physiological
and pathological roles for lymphatic vessels are emerging [4,5], and the lymphatic vas-
culature is considered a promising route for more effective vaccine, immunotherapy and
drug delivery [6,7]. While lymphatic vessels share some morphological similarities with
blood vessels, their structure is exquisitely adapted to fulfil the unique functions of this
vascular network. Blind-ended, initial lymphatic vessels are specialised to mediate fluid
absorption. The endothelial cells that comprise initial lymphatics have a characteristic “oak
leat” shape, discontinuous, “button-like” intercellular junctions, low levels of extracellu-
lar matrix (ECM) at their basal aspect and a lack of mural cell association, all of which
facilitate the influx of fluid, protein and cellular traffic (lymph) [8]. Lymph is transported
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from initial lymphatics via pre-collector vessels to larger collecting lymphatic vessels and,
during this passage, is filtered through lymph nodes where it is presented to the immune
system for surveillance. Lymph eventually returns to the blood circulation via connections
between the right and thoracic lymphatic ducts with large veins in the jugular region [9].
Collecting lymphatic vessels are comprised of elongated endothelial cells with continuous
“zipper-like” intercellular junctions, increased levels of ECM deposition and considerable
lymphatic muscle cell investment, all of which promote lymph transport and prevent
lymph leakage [8]. Specialised semi-lunar valves located in collecting lymphatic vessels
facilitate unidirectional lymph flow and segment vessels into structural regions called lym-
phangions [10]. The recruitment of contractile lymphatic muscle cells to collecting vessels
enables lymphangions to sequentially contract and relax in conjunction with valve opening
and closing [11], a process that is regulated by both the autonomic nervous system [12,13]
and the movement of surrounding muscles and tissues [4]. Together, these features of
collecting lymphatic vessels propel lymph away from the periphery and return it to the
bloodstream (Figure 1). Defects in any aspect of lymphatic vascular development can
have major consequences on lymphatic function, resulting in disorders including vascular
malformations, complex lymphatic vascular anomalies and primary lymphoedema, which
can manifest either in utero, or later in life [4,5,14].
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Figure 1. Lymphatic vessel development and structure. Lymphatic endothelial progenitor cells arise from venous and
non-venous sources. VEGFC/VEGFRS3 signalling promotes the sprouting and migration of PROX1-positive lymphatic
endothelial cells (LECs) away from the veins to form an initial lymphatic plexus and lymph sacs. Continued sprouting and

migration of LECs from initial lymphatic structures, as well as from non-venous sources, further elaborates the lymphatic
vessel network. The mature lymphatic network comprises blind-ended initial vessels which display loose ‘button-like’
intercellular junctions and anchoring filaments which facilitate interstitial fluid uptake. Collecting lymphatic vessels display
tight ‘zipper-like” intercellular junctions and increased levels of surrounding extracellular matrix. Collecting lymphatic
vessels are sub-divided into segments called lymphangions, punctuated by semi-lunar valves important for unidirectional
lymph flow, and are invested with lymphatic muscle cells. Arrows indicate direction of flow.
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2. Roles of VEGFC, VEGFD and VEGFR3 Signalling during Lymphatic
Vascular Development

In the mouse embryo, the first definitive sign that lymphatic vascular development
has commenced is the onset of Prox1 expression in a polarised population of cells within
the cardinal and intersomitic veins at embryonic day (E) 9.5 [15]. PROX1-positive lym-
phatic endothelial progenitor cells bud and migrate from the veins in streams to form
lymph sacs (also termed the ventral primordial thoracic duct) and a primary lymphatic
plexus [15-18]. PROX1-positive lymphatic progenitor cells are also specified in the su-
perficial venous plexus and primitive dermal capillary bed of the mouse embryo and
contribute to generation of the superficial lymphatic plexus in the skin [18,19]. The exit
of lymphatic endothelial progenitor cells from the veins is dependent on VEGFC [20], the
VEGF family member most pivotal for lymphatic vascular development, together with
the matrix protein CCBEI1 [18,21,22] and protease ADAMTS3 [23,24], which together pro-
mote proteolytic cleavage of VEGFC to its maximally active form [25,26]. Mice deficient
in Vegfc [20], Ccbel [18,22] or Adamts3 [23,24] exhibit profound oedema as a result of the
arrest in lymphatic development, and die mid-gestation. While PROX1-positive cells are
observed within the veins of these mutant mice, their exit is prohibited, illustrating that
lymphatic endothelial progenitor cell specification is not dependent on VEGFC [18-20,22].
Recent work in both zebrafish and mice has shown that the number of progenitor cells
specified in the veins is, however, amplified by VEGFC [19,27].

In contrast to the strict requirement for VEGFC during developmental lymphangio-
genesis, VEGFD appears to be largely dispensable [28]. Specific roles for VEGFD have
been identified during development of the initial lymphatic vessels in the skin of mice [29]
and the facial lymphatics in zebrafish [30]. Intriguingly, the requirement of VEGFD for
facial lymphangiogenesis in zebrafish appears to be dependent on signalling via VEGFR2
rather than VEGFRS3 [31]. Recent work has provided deeper insight into the lymphatic
vessel-specific roles of VEGFR3 during developmental lymphangiogenesis. While a crucial
requirement for VEGFR3 during early cardiovascular development initially precluded
assessment of the role of VEGFR3 in the lymphatic vasculature [32], characterisation of
mice carrying mutations in the tyrosine kinase (Chy mice) [33], or ligand binding domains
of VEGFR3 [34], revealed striking defects in embryonic lymphatic vascular development,
demonstrating that VEGFR3 activity is required during developmental lymphangiogenesis.
Recent work in which Fit4 was selectively deleted in the lymphatic vasculature at the
onset of lymphatic vascular development in the mouse embryo confirmed the crucial role
of VEGFR3 in lymphatic endothelial cell sprouting and migration, demonstrating that
VEGEFRS3 is the major VEGFC receptor driving developmental lymphangiogenesis [35]. Both
VEGFC and VEGFD potently promote developmental and postnatal lymphangiogenesis;
ectopic expression of either growth factor results in lymphatic vessel hyperplasia [36,37],
and inhibition of VEGFC and VEGFD activity mediated via soluble VEGFR3 expression
results in lymphatic vessel regression [38]. Intriguingly, while early studies suggested
that, once established, the lymphatic vessels of most tissues in postnatal and adult mice
are refractory to VEGFC and VEGEFD blockade [39], recent work employing conditional
deletion of Vegfc, and inducible expression of soluble VEGFR3, revealed that selected
lymphatic beds including the intestinal lacteals and meningeal lymphatic vessels remain
dependent on, or sensitive to, VEGFC/VEGFR3 signalling during adulthood [40,41].

3. The Vascular Endothelial Growth Factor Family

VEGF family members are essential to drive development of the blood and lymphatic
vascular networks. There are five VEGF family members, VEGFA, VEGFB, VEGFC, VEGFD
and placental growth factor (PIGF), which bind to their cognate receptors VEGFR1/VEGFR2/
VEGFR3 as homodimers [37,42,43]. While VEGFA binds with high affinity to VEGFR1,
it signals primarily via VEGFR2 to drive development of the blood vasculature [43]. In
contrast, VEGFC and VEGFD are the primary growth factors regulating development
of the lymphatic vasculature and predominantly signal via VEGFR3 [43]. There exists
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some crosstalk between these ligands and receptors; ectopic expression of VEGFA has
been demonstrated to have pro-lymphangiogenic activity [44,45], while ectopic expression
of VEGFD also promotes angiogenesis [46], and VEGFR3 plays important roles during
embryonic blood vascular development and postnatal angiogenesis, despite being pre-
dominantly expressed in the lymphatic vasculature [47]. VEGFR2 and VEGFR3 also
heterodimerise and respond to signalling induced by VEGFA and VEGFC [48,49], though
the degree to which this interaction regulates distinct signalling outcomes in blood vessels
and lymphatic vessels remains to be determined. Alternative splicing liberates a variety
of VEGFA species which differ in their capacity to bind VEGFRs, co-receptors and ECM
components [37,43]. In contrast, VEGFC and VEGFD comprise a central VEGF homology
domain (VHD), flanked by N- and C-terminal pro-peptides that are proteolytically cleaved
to generate mature growth factors with maximal affinity for binding to and activating
VEGEFRS3 [50]. Proteases established to mediate VEGFC cleavage include ADAMTS3 [25],
Adamts14 [51] (in zebrafish), plasmin [52], thrombin [53], kallikrein-related peptidase
3 (KLK3) [54] and cathepsin D [54]. While ADAMTS3, acting together with the matrix
protein CCBE], is crucial for physiological VEGFC processing and signalling during de-
velopment, the requirement for plasmin, thrombin, KLK3 and cathepsin D for VEGFC
activation in vivo remains to be determined. At least in the case of plasmin and thrombin,
which are themselves activated in the setting of inflammation, these proteases are most
likely to be important in settings of injury. VEGFD proteolysis is mediated by plasmin [52],
thrombin [53], furin and proprotein convertases PC5 and PC7 [52,55]. While ADAMTS3
cleaves the N-terminal pro-peptide to activate VEGFC, it does not cleave VEGFD [23]. This
distinction may underpin the crucial role of VEGFC, compared to VEGFD, during develop-
mental lymphangiogenesis. Given that the activity of VEGFC and VEGFD is exquisitely
regulated by factors including proteolytic activation and binding to ECM components, it
follows that the precise spatial and temporal regulation of these cues during development
is a determining factor in patterning the lymphatic vasculature. Two recent studies in
zebrafish have demonstrated that this is the case; the first established that the secretion of
type II collagen by notochord sheath cells is important for determining the route taken by
lymphatic endothelial cells upon departure from the posterior cardinal vein (PCV) [56], and
the second revealed that neurons and fibroblasts in the vicinity of the posterior cardinal
vein provide localised sources of Adamts3, Adamts14, Ccbel and Vegfc that cumulatively
activate Vegfc to establish the migration path taken by sprouting lymphatic endothelial
cells [51]. Whether the effects of cleavage by different proteases mediate subtle differences
in the magnitude of VEGFC and VEGFD initiated VEGFR3 signalling in vivo in mice or
zebrafish is an interesting prospect and remains to be investigated.

4. Vascular Endothelial Growth Factor Receptors and Co-Receptors

VEGF family members predominantly bind to and activate the receptor tyrosine
kinases, VEGFR1-3 [37,42,43]. These receptors share a similar overall structure, compris-
ing an extracellular ligand-binding domain with seven immunoglobulin (Ig) homology
domain repeats, a transmembrane domain and split tyrosine kinase domain. The first
three Ig-like domains bind VEGF ligands, while domains 4-7 proximal to the membrane
mediate receptor homodimerization (as well as VEGFR2/VEGFR3 heterodimerization)
and activation [57]. While similar in structure, each of these receptors exhibit distinctions
in their mechanisms of activation, signal transduction pathways and resultant biological
effects [43]. In addition to binding VEGFRs, VEGF family members bind the co-receptors
neuropilin 1 (NRP1), neuropilin 2 (NRP2) and heparan sulfate proteoglycans (HSPGs). In
the vasculature, NRP1 is primarily restricted to arterial endothelium [58] and lymphatic
vessel valves [59,60], where it acts as a semaphorin receptor to regulate valve develop-
ment, whereas NRP2 is predominantly expressed in venous [58] and lymphatic endothelial
cells [61]. NRP2 binds to and regulates VEGFC initiated signalling in the lymphatic vas-
culature [61]; Nrp2~/~ mice exhibit pronounced defects in development of the superficial
lymphatic vessels. CD146, also known as MCAM (melanoma cell adhesion molecule),



Int. J. Mol. Sci. 2021, 22, 7760

50f16

was recently suggested to play a distinct role in transducing VEGFC-initiated sprouting
signals in lymphatic endothelial cells. CD146 was documented to co-immunoprecipitate
with VEGFC and VEGFR3 and, moreover, was demonstrated to directly bind VEGFC and
transduce VEGFC-initiated signals via p38 kinase and ERK [62]. Knockdown of CD146
in zebrafish resulted in reduced parachordal lymphangioblast sprouting and interrupted
formation of the thoracic duct [62]. The heparan sulfate proteoglycan syndecan-4 was
recently shown to be the predominant HSPG in lymphatic endothelial cells and to interact
with VEGFRS3 following VEGFC treatment [63]. VEGFC-initiated VEGFR3 signalling was
reduced in lymphatic endothelial cells depleted of syndecan-4, and Sdc4~/~ mice were
shown to exhibit defects in developmental and pathological lymphangiogenesis [63,64].

5. VEGEFR Signal Transduction in Lymphatic Endothelial Cells

Unlike the well characterised signalling events promoted by VEGFA binding to
VEGEFR?2 in blood vascular endothelial cells, the signalling cascade initiated in lymphatic
endothelial cells upon VEGFC binding to VEGFR3 is less well established. Binding of
VEGEFC or VEGFD to VEGFR3 induces receptor dimerization, autophosphorylation [65,66],
recruitment of CRK1/II and GRB2 and activation of downstream signalling pathways
including ERK1/2 and protein kinase B (AKT), which act to regulate lymphatic endothelial
cell survival, proliferation and migration [67,68] (Figure 2). More recent work comparing
signalling initiated by VEGFA and VEGFC in lymphatic endothelial cells demonstrated
that VEGFC promoted greater activation of AKT signalling than did VEGFA and, moreover,
activated ERK1/2 in a kinetic pattern distinct to that of VEGFA [69]. VEGFC treatment also
promoted heterodimerisation between VEGFR2 and VEGFR3, an event not observed in
response to VEGFA, and VEGEFC initiated AKT activation was dependent on both VEGFR2
and NRP1 [69]. This study also demonstrated that vascular endothelial phosphotyro-
sine phosphatase (VE-PTP) tempered VEGFC-mediated activation of both VEGFR2 and
VEGEFR3, together with downstream signalling pathway activity, in lymphatic endothelial
cells [69]. While not a great deal is known regarding the transcriptional responses initiated
downstream of VEGFC/VEGFR3 signalling, a PROX1/VEGFR3 feedback loop is important
both for dialling up VEGFR3 levels in committed PROX1-positive lymphatic endothelial
cells and for maintaining PROX1 levels in these cells during developmental lymphan-
giogenesis [70]. Recent work demonstrated that mitochondrial respiration controls the
expression and activity of this feedback loop [71]. Interruption of mitochondrial complex
III in mice resulted in the arrest of lymphatic development by mid-gestation. Reduced
levels of PROX1 and VEGFR3 were observed in lymphatic endothelial cells of mutant
mice and in lymphatic endothelial cells treated with a mitochondrial complex III inhibitor,
correlating with altered histone modifications at Prox1 and FIt4 loci [71]. These data reveal
that mitochondrial sensing of the metabolic microenvironment is important for regulating
developmental lymphangiogenesis via control of Prox1 and Fit4 expression. Recent work
also demonstrated that HOXDI10 is activated rapidly following VEGFR3 activation in
human lymphatic endothelial cells treated with the selective VEGFR3 ligand VEGFC156S,
and is important for lymphatic endothelial migration and tube formation [72]. Deeper
insight to the genes activated and repressed downstream of VEGFR3 will further illuminate
our understanding of the mechanisms by which VEGFC/VEGEFRS3 signalling play such a
major role in lymphangiogenesis.



Int. J. Mol. Sci. 2021, 22, 7760

6 of 16

w w "] KLK3/CathepsinD

ADAMTS14
FLVEGF-D  FL-VEGF-C — VEGF-C
Plasmin -~ A~ ADAMTS3 8

Thrombin Y Cathepsin-D
Furin .“ KLK3 CCBE-1
PCS PC7 (@)

Collagen/ECM

VE-PTP
Ig
& domains
- -
ﬁ w e
> z _
OO OD O D cooe cocJococyge
Transmembrane
domains
CODOTLOCTI PO O (= OO0 OO IR T @ S o
Split tyrosine
kinase
domains

g

e Y

Cell Survival Proliferation Migration

Figure 2. VEGFC/VEGFD/VEGEFR signalling in lymphatic endothelial cells. Pro-peptide forms of
VEGEFC and VEGFD are proteolytically processed to produce active proteins which bind with high
affinity to VEGFR2 and VEGFR3. Activation and phosphorylation of VEGFRs results in downstream
signalling via JNK1/2, PI3K/AKT and ERK1/2 pathways, regulating cell survival, proliferation and
migration. Hetero-dimerisation of VEGFR2 and VEGFR3 results in distinct downstream signalling.
A number of co-receptors and accessory signalling molecules regulate the fine tuning of signal
magnitude and duration. Created with Biorender.com.

6. Regulation of VEGEFR Signalling in the Lymphatic Vasculature: An Update

The magnitude of signalling transduced via VEGFR2 and VEGFR3 is subject to regu-
lation at the level of ligand processing and availability, interaction with co-receptors and
route of trafficking taken by receptors following ligand-mediated internalisation. While
earlier work revealed that VEGFR2 and VEGFR3 internalisation and signalling activity is
regulated by molecules including ephrinB2 [73,74], caveolin-1 [75] and epsins [76], recent
work has provided further insight into how regulation of VEGFR internalisation impacts
signal transduction in various cellular contexts (Figure 3). The -arrestin ARRB1, a mem-
ber of the arrestin family of adaptor proteins that regulate G-protein coupled receptor
signalling, was recently shown to interact with VEGFR3 in lung microvascular endothelial
cells and thereby regulate VEGFC-initiated VEGFR3 internalisation, phosphorylation and
downstream signal transduction [77]. The interaction between ARRB1 and VEGFR3 was
dependent on VEGFR3 phosphorylation, and depletion of ARRB1 resulted in reduced
VEGEFR3 phosphorylation, suggesting that interaction with ARRB1 prolongs VEGFR3
signalling [77]. Given that lung microvascular endothelial cells comprise both blood and
lymphatic vascular endothelial cells, it would be interesting to further investigate the role
of ARRBI selectively in lymphatic endothelial cells. The link between ARRB1, VEGFR3 and
GPCR signalling raised the possibility that VEGFR3 and GPCR signalling pathways may be
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coupled, potentially via ARRBI, in lymphatic endothelial cells. Evidence for this hypothesis
was recently provided in a study demonstrating that the GPCR sphingosine-1-phosphate
receptor (S1PR1) acts to dampen laminar shear stress (LSS) dependent VEGFC/VEGFR3
signalling in the lymphatic vasculature, to promote lymphatic vessel quiescence [78]. In-
triguingly in this study, S1IPR1 deficiency did not block basal VEGFC-initiated VEGFR3
signalling in lymphatic endothelial cells cultured in static conditions but did dampen
the elevation in VEGFC/VEGFR3 signalling promoted by LSS [78]. Accordingly, ectopic
sprouting of the lymphatic vasculature in mice harbouring a lymphatic specific deletion
of S1prl was rescued by the deletion of one allele of FIt4 encoding VEGFR3 [78]. These
data reveal that the mechanical stimulus of flow increases the magnitude of VEGFR3
signalling initiated by VEGFC, though the mechanisms responsible for this effect remain to
be fully characterised. Recent studies also demonstrated a role for the ischemia-inducible
Gy signal regulator, activator of G-protein signalling 8 (AGS8), in regulation of VEGFR3
signal transduction. AGS8 deficient human dermal lymphatic endothelial cells showed
decreased proliferation and tube formation when stimulated with VEGFC and decreased
phosphorylation of VEGFR3, ERK1/2 and AKT [79]. Analysis of VEGFR3 levels and locali-
sation revealed that reduced levels of VEGFR3 were observed at the cell surface of AGS8
deficient cells, suggesting that trafficking of VEGFR3 to the plasma membrane is regulated
by AGS8 [79].
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Figure 3. Regulation of VEGFC/VEGFD/VEGEFR3 signalling in lymphatic endothelial cells.
VEGFC/VEGFD/VEGEFRS3 signal amplitude is regulated by the endocytosis and subsequent traffick-
ing of internalised receptors. VEGFR3 internalisation from the cell surface is regulated by ephrinB2
and intracellular proteins including ARRBI, epsins 1 and 2 and AGS8. VEGFRS3 is also activated by
mechanical stimuli including flow and tension in a ligand-independent manner. Interacting proteins
that regulate mechanical activation of VEGFR3 include S1PR1, Syndecan 4 and 1-integrin. Created
with Biorender.com.
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Epsins are a family of ubiquitin-binding adaptor proteins expressed in endothelial
cells that regulate clathrin-dependent endocytosis of VEGFRs. Epsin 1 and 2 are important
for regulating the endocytosis and degradation of both VEGFR2 [80] and VEGFRS3 [76].
Consequently, deficiency of epsins 1 and 2 in endothelial cells results in the inhibition
of VEGFR endocytosis and degradation, culminating in elevated VEGFR2 and VEGFR3
signalling. Mice in which epsins 1 and 2 were deleted in the lymphatic vasculature exhibited
enlarged initial lymphatics and an arrest in lymphatic vessel valve development [76].
Elevated levels of VEGFR3, phosphorylated VEGFR3 and downstream signalling pathways
were observed in lymphatic endothelial cells isolated from epsin deficient mice due to
the failure of VEGFR3 internalisation and degradation [76]. The possibility that epsin
function might be targeted to elevate VEGFR3 activity in settings of disease where this
would be beneficial was recently tested in a mouse model of type II diabetes. In this study,
hyperglycemic mice harbouring lymphatic specific deletion of epsin 1 and 2 were subjected
to a series of in vivo lymphangiogenesis assays, all of which revealed elevated VEGFC-
promoted lymphangiogenesis compared to wild-type diabetic mice [81]. Investigation
of the mechanisms underpinning reduced lymphangiogenic activity in wild-type mice
demonstrated that high ROS levels initiated by hyperglycemia resulted in elevated epsin
levels and increased Src-dependent VEGFR3 phosphorylation, cumulatively increasing
VEGFR3 degradation and reducing VEGFR3 signalling activity in lymphatic endothelial
cells [81]. These data suggest that inhibiting epsins in the lymphatic vasculature might
prove beneficial for the stimulation of lymphangiogenesis in disorders including diabetes,
where promoting lymphatic function would aid wound healing and oedema resolution.

While early studies of VEGFR3 signalling revealed that the adaptor protein GRB2 is
recruited to phosphorylated VEGFR3 and subsequently activates both AKT and ERK1/2
signalling [68], recent work in zebrafish has shown that loss-of-function mutations in
grb2a and grb2b result in severe defects in development of the head and trunk lymphatics,
respectively [82]. Zebrafish harbouring a mutation in grb2b exhibited fewer parachordal
lymphangioblasts and failed to form a thoracic duct. Accordingly, grb2b deficient mutants
exhibited a reduced number of PROX1-positive lymphatic progenitor cells within the PCV.
Grb2b was established to regulate VEGFR3 downstream signalling by fine-tuning the
balance of MEK/ERK activation [82], a key pathway regulating Prox1 expression [83]. As a
result, mutant fish displayed a decreased number of pERK positive cells in the PCV [82].
This study provided confirmation that grb2b genetically interacts with VEGFR3 to regulate
developmental lymphangiogenesis.

While earlier work revealed that membrane proteins including ephrinB2 [73,74],
CLP24 [84] and caveolin-1 [75] regulate VEGFR2 and VEGFRS3 activity in lymphatic en-
dothelial cells, recent work has identified additional membrane proteins involved in this
process. CLEC14A, a type I transmembrane protein belonging to the C-type lectin super-
family, was demonstrated to interact directly with VEGFR3 and thereby modulate VEGFR2
signalling [85]. Clec14a/~ mice displayed enlarged jugular lymph sacs and dermal lym-
phatic vessels, together with increased developmental and pathological angiogenesis.
While Clec14a deficient endothelial cells exhibited reduced levels of VEGFR3, increased
levels of VEGFR?2 and active downstream signalling components were observed [85]. The
mechanisms via which CLEC14A interaction with VEGFR3 result in reduced VEGFR3 and
increased VEGFR?2 levels remain to be established. The urokinase plasminogen activator
receptor-associated protein, uPARAP /Endo180, best recognised for its role as an endocytic
collagen receptor [86], was recently shown to play an important role in pathological lym-
phangiogenesis by regulating heterodimerisation of VEGFR2 and VEGFR3 [87]. Deletion of
uPARAP in mice resulted in the formation of functional hyperbranched lymphatic vessels in
pathological conditions, though did not affect angiogenesis [87]. Mechanistically, uPARAP
was shown to interact with both VEGFR2 and VEGFR3 and, as a result, limit the formation
of VEGFR2/VEGEFR3 heterodimers. Interestingly, uPARAP silencing in lymphatic endothe-
lial cells did not affect VEGFC-initiated phosphorylation of VEGFR2, VEGFR3, AKT or
ERK1/2, but did impact the phosphorylation of JNK and paxillin, ultimately resulting in
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elevated levels of Racl-GTP [87]. Racl inhibition was able to rescue the increased lym-
phangiogenesis observed in uPARAP deficient mice [87]. In addition to identifying a new
binding partner of VEGFR2 and VEGFR3, this study provided valuable insight into signal
transduction downstream of VEGFR2/VEGFR3 heterodimers.

An important role for VEGFR2 signalling in the regulation of junctional integrity in
the lacteals (specialised lymphatics within the intestinal villi that mediate chylomicron
absorption) was recently discovered, further emphasising a key role for VEGFR2 in the
lymphatic vasculature. In this study, increased VEGFA bioavailability induced by dele-
tion of the VEGFA receptors VEGFR1, encoded by Fit1 and Nrpl [88], protected mice
from diet-induced obesity. Intriguingly, elevated VEGFA bioavailability had the effect of
“zippering” lacteal junctions, thereby preventing lipid absorption via the lacteals. This
effect of VEGFA on lacteal junctions is in direct contrast to the effect of VEGFA on blood
vascular endothelial cell junctions, in which case VEGFA promotes junctional opening and
permeability [88]. The reduction of lipid absorption due to lacteal lymphatic endothelial
cell junctional tightening opens up the possibility of modulating lacteal junctional integrity
therapeutically in order to treat obesity. Further dissection of the roles of VEGFR2 and
VEGEFR3 signalling in the lymphatic vasculature of distinct tissues will be a fascinating
avenue for future investigation.

7. Mechanical Regulation of VEGFR Signalling during Lymphatic
Vascular Development

The roles of fluid shear stress in regulating vascular development and remodelling
are well established [89]. Recent work has provided greater insight into the roles and
transmission of shear stress-induced signals important for lymphatic vascular develop-
ment. VEGFR2 and VEGFR3 are key components of the most extensively characterised
mechanosensory complex in endothelial cells, comprising VE-Cadherin, PECAM1, VEGFR2
and VEGFR3 [90-92]. This complex resides at cell junctions and transmits flow-initiated sig-
nals to changes in cellular architecture that underpin endothelial cell alignment in response
to laminar flow. VEGFR3 has been determined to establish the “set-point” at which cells
respond to different levels of shear stress [92]. Phosphorylation of VEGFR2 and VEGFR3
is initiated in endothelial cells in response to laminar flow, in a manner independent of
VEGFA or VEGFC, but dependent on force transduction via PECAM1 and Src family kinase
activation [90-92]. Recent work demonstrated that mice harbouring lymphatic vessel selec-
tive deletion of Pecam1 or Sdc4, encoding syndecan 4, exhibit defects in lymphatic vessel
remodelling and valve morphogenesis due to the inability of lymphatic endothelial cells to
align in response to laminar flow [64]. This study found that VEGFR3 phosphorylation
was decreased in Sdn4 deficient cells exposed to flow, and that attributed the defects in
lymphatic endothelial cell polarity to elevated levels of the planar cell polarity protein
VANGL2 [65]. The possibility exists, given the recent demonstration of a direct interaction
between VEGFR3 and SDC4 [63], that defects in PECAM1- and VEGFR3-mediated flow
sensing underpin the lymphatic vascular defects in Sdc4 deficient mice. Similarly, mice
deficient in the huge atypical cadherin FAT4 were recently shown to exhibit pronounced
lymphatic vascular defects as a result of the failure of FAT4 deficient endothelial cells to
polarise appropriately in lymphatic endothelial cells exposed to laminar flow [93]. This
study identified an interaction between VEGFR3 and the intracellular domain of FAT4,
suggesting that FAT4 might regulate flow-induced lymphatic endothelial cell alignment by
modulating activity of the junctional mechanosensory complex [93].

Two recent studies demonstrated that flow-regulated lymphatic endothelial cell align-
ment is also dependent on VE-Cadherin [94,95]. In the first of these, temporal and tissue
specific requirements for VE-Cadherin (encoded by Cdh5) in the lymphatic vasculature
were demonstrated [94]. While the dermal lymphatic vasculature of postnatal mice did not
display striking alterations in pattern or junctional integrity following Cdh5 deletion, the
mesenteric lymphatic vasculature was exquisitely sensitive to Cdh5 deletion [94]. Features
of mesenteric lymphatic vessels in which Cdh5 was deleted included profound distension,
disruption and the abnormal growth of lymphatic endothelial cells over the mesothelial
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membrane [94]. Altered localisation and increased phosphorylation of VEGFR3 were noted
in these mutant vessels, suggesting that VE-cadherin regulates VEGFR3 localisation and
signalling capacity, at least in the postnatal mesenteric lymphatic vasculature [94]. Deletion
of Cdh5 in the lymphatic vasculature was also shown to disrupt lymphatic endothelial
cell alignment in response to flow and, as a consequence, lymphatic vessel valve devel-
opment [95], an event regulated by VEGFC signalling [96]. In this case, AKT activation
in response to flow was decreased and valve development in VE-cadherin deficient mice
could be rescued with a small molecule activator of AKT [95]. Whether AKT activation
in this context was dependent on VEGFR3 was not established, though previous work
demonstrated that AKT is prominently activated downstream of VEGFR3 [67,68]. Further
elaboration of the signalling events resulting in VEGFR3 activation and downstream signal
transduction initiated by flow in lymphatic endothelial cells await future studies.

In addition to flow, mechanical signals including tension forces have also been shown
to induce VEGFC-independent VEGFR3 signalling [97]. An elegant early study demon-
strating the effects of modulating interstitial fluid levels on lymphangiogenesis revealed
that increased interstitial fluid levels and resultant lymphatic endothelial cell stretching
promoted VEGFR3 phosphorylation in a manner dependent on (31-integrin activation [97].
A direct interaction between VEGFR3 and 31-integrin was documented in this study and
lymphatic vascular defects were observed in 1-integrin deficient mice, demonstrating
the importance of the 31-integrin for VEGFR3 activation during developmental lymphan-
giogenesis [97]. More recent work showed that the integrin-linked kinase (ILK) acts in a
cell-autonomous manner to regulate VEGFR3 signalling and that loss of ILK resulted in
increased signalling downstream of VEGFR3, increased LEC proliferation and lymphatic
vascular overgrowth [98]. This study demonstrated that ILK interrupts the interaction of
VEGFR3 with 1-integrin, acting to restrain VEGFR3 activity [98]. Whether the involve-
ment of VEGFR3 in sensing tension-induced mechanical signals and transducing these
to changes in cell proliferation depends on VEGFR3 being a component of the junctional
mechanosensory complex, or a distinct complex involving 31-integrin, and potentially ad-
ditional mechanosensory components, will be an interesting avenue of future investigation.

8. VEGFC/VEGFD/VEGEFR3 Signalling in Lymphatic Vascular Disease

Recently published work has highlighted the increasing number of human pathologies
in which the lymphatic vasculature is implicated and which stand to benefit from thera-
peutic modulation of VEGFA /VEGFC/VEGFD/VEGFR2/VEGEFR3 signalling [4,5]. The
apparently selective response of the meningeal and lacteal lymphatics to VEGFC/D/R3
modulating agents during adulthood may provide the opportunity to intervene in this
pathway therapeutically with minimal off-target effects. Recent studies in mice have
highlighted the benefits of promoting lymphangiogenesis of the meningeal lymphatic
vessels in increasing the efficacy of checkpoint inhibitor treatment for glioblastoma [99],
and promoting the clearance of amyloid {3 in a mouse model of Alzheimer’s disease via
immunotherapy with anti-amyloid 3 (Af3) antibodies [100]. In a similar vein, delivery of
VEGEC to cardiac tissue has been demonstrated to promote lymphangiogenesis and the
clearance of tissue fluid and inflammation, reducing fibrosis and improving regeneration
in mouse [101,102], rat [103] and zebrafish [104] models of cardiac injury. Intriguingly, in
zebrafish, the dependence on VEGFC/VEGFD for cardiac regeneration was found to be
distinctly dependent on the type of injury inflicted [104]. In contrast to these settings where
promoting VEGFC/VEGFR3-mediated lymphangiogenesis is beneficial, diseases including
lymphangioleiomyomatosis (LAM) [105], Gorham-Stout Disease (in which the lymphatics
invade bone) [106] and lymphatic malformations driven by PIK3CA mutations [107] are
characterised by elevated VEGFC- and VEGFD-initiated VEGFR3 signalling. In these cases,
inhibition of signalling via this axis, either by VEGFC/D traps or VEGFR3 small molecule
inhibitors, stands to be of therapeutic benefit. A soluble form of VEGFR3 that blocks the
interaction of VEGFC and VEGFD with VEGFR2 and VEGFR3 is currently in clinical trial
for wet age-related macular degeneration and diabetic macular oedema, both of which
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are characterised by the development of tortuous and leaky blood vessels in the eye [108].
Finely tuned modulation of VEGFR2 and VEGFR3 activity might also be achieved by
targeting specific VEGFR2- or VEGFR3-interacting proteins such as epsins, uPARAP or ILK.
Defining the fundamental molecular basis of VEGF family-initiated VEGFR2 and VEGFR3
signal transduction will be crucial to underpin the development of novel therapeutics able
to treat pathologies involving the lymphatic vasculature.

9. Conclusions and Future Directions

Our knowledge of the mechanisms regulating both the spatiotemporal restriction
and amplitude of signalling initiated by VEGF family members and their receptors has
advanced substantially over the last five years. The identification of new proteases that
proteolytically activate VEGFC and VEGFD, together with their cellular sources and matrix
components responsible for regulating ligand cleavage and/or retention, have vastly
improved our understanding of the mechanisms regulating patterning of the lymphatic
vasculature during development. It will be intriguing in future work to investigate how
similar, or distinct, the factors regulating lymphatic patterning are across different tissues
and in settings of pathology. We have also gained new insight into the co-receptors and
interacting proteins that modulate VEGF ligand binding and receptor activation, together
with the intracellular adaptor proteins that control receptor internalisation and downstream
trafficking events. There remains much to learn on this front, particularly in terms of the
downstream trafficking events that regulate the duration of VEGFR3 signalling as well as
receptor availability and localisation. There is also more to learn regarding the mechanisms
by which signalling induced by VEGFR2/VEGFR3 heterodimers is distinct from that
induced by VEGFR2 or VEGFR3 homodimers and how downstream signalling pathways
are activated in lymphatic, compared to blood vascular, endothelial cells. The transmission
of mechanical signals via VEGF receptors is another expanding field of research warranting
further investigation. Detailed knowledge of each aspect of signal transduction mediated
by VEGF family ligands and their receptors will provide new opportunities to modulate
these signalling events and thereby provide improved therapeutics for the wide range of
pathologies in which the lymphatic vasculature is involved.
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