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Abstract

Purpose—Lymphatic disorders are poorly understood with few animal models. We designed a
novel assay to measure lymphatic development using transgenic zebrafish with fluorescently
labeled endothelial cells. Two major branches of the vascular endothelial growth factor receptor
(VEGFR) signaling pathway were examined: the MAPK and PI3K pathways.

Methods—Direct visualization of lymphatic development was performed in control embryos or
under chemical inhibition. Treatment involved a 6-hour pulse of inhibitor at 3 days post
fertilization (dpf). Fish were analyzed for the presence of the TD at 4 dpf (n > 100 specimens).

Results—TD formation was prevented using selective inhibitors against kinases (MAPK, PI3K/
TOR, or VEGFR). These kinases were important for TD formation, as the lymphatic vessel failed
to form in a majority of treated animals. Remarkably, MAPK pathway inhibition most robustly
reduced lymphangiogenesis, demonstrated by a lack of lymphatic endothelial cells.

Conclusion—We conclude that MAPK pathway function downstream of the VEGFRs is crucial
at the early stages of TD development. This study provides a novel animal model and a potential
target pathway for further investigation. We suggest further examination of MAPK pathway
deregulation as a potential mechanism underlying lymphatic disease in humans.
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The lymphatic system normally functions in the transport of fluids and facilitating the return
of extravasated cells and macromolecules back into the blood circulation. Disorders of the
lymphatic vasculature can lead to a variety of debilitating conditions, including
disfigurement, bone overgrowth, bleeding, infection, pleural effusions and ascites.
Lymphatic disease and its complications frequently hinder a child's normal development and
induce added emotional distress. Despite centuries of clinical experience, little is known
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regarding the underlying mechanisms responsible for lymphatic disease. By employing a
novel zebrafish model, we sought a basic understanding of how this unique unidirectional
vascular system develops.

The VEGFs (vascular endothelial growth factors; VEGF-A, VEGF-C, and VEGF-D) and
their receptor tyrosine kinases (VEGFR1, 2 and 3) are master regulators for the development
of blood and lymphatic vessels in vertebrates . In developmental lymphangiogenesis, VEGF-
C stimulation of VEGFR3 is essential for the proliferation, growth, and survival of
lymphatic endothelial cells (LECs), while a role for VEGF-D appears to be to linked to
pathological lymphangiogenesis . Evidence for overlapping roles for VEGFR2 and VEGFR3
function in angiogenesis and lymphangiogenesis has also been demonstrated, suggesting the
expression of heterodimeric receptors consisting of VEGFR2 and VEGFR3 during
development . Despite understanding of the endothelial functions of these receptors, the
mechanism by which ligand stimulation is converted into an intracellular signal /n vivois
largely unknown. Most of the data on VEGFR downstream signaling has been derived from
in vitroblood or lymphatic endothelial cell (LEC) studies . From the first report of isolated
LECs, VEGF-C stimulation of VEGFR3 was shown to lead to the downstream
phosphorylation of both MAPK and AKT (Fig. 1) . The MAPK and PI3K-AKT-TOR
pathways appear to act in parallel to each other. However, the stage-dependent need for
these intracellular signaling pathways during lymphangiogenesis has not been clearly
defined /in vivo.

Currently, the zebrafish is the simplest vertebrate organism system for investigation of
lymphatic development. Zebrafish offer the advantages of rapid external development,
transparency, high fecundity, homologous genes and conserved cellular processes with
humans and mice . Like the mouse model, zebrafish lymphangioblasts initially sprout from
venous endothelial cells (VECs) by about 2 days post fertilization (dpf) . A distinct
subpopulation of endothelial cells (ECs) in the posterior cardinal vein commits to a
lymphatic linage through expression of a lymphatic cell fate regulator Prox-1 . In zebrafish,
as in mammals, VEGF-C and VEGFR3 signaling are essential in the early formation and
migration of lymphangioblasts derived from VECs . In fish, these lymphangioblasts travel a
defined path along the intersegmental and parachordal vessels to eventually reside just
ventral to the aorta, in isolated patches . Over the next couple of days, these LECs coalesce
to form the thoracic duct (TD). This central lymphatic duct is complete and functional by the
first week of development . Using the presence or absence of a continuous TD over 6
somites as a measurement for lymphatic development, we used selective chemical kinase
inhibitors to define signaling cascades activated during lymphangiogenesis /n vivo.

Materials and Methods

Animals

The Institutional Animal Care and Use Committee of Children's Hospital Boston approved
all animal protocols. Zebrafish (Danio rerio) were maintained at 28.5°C on a 14-h-light/10-
h-dark cycle. Embryos were collected by natural spawning and raised in 10% Hanks'
buffered saline solution at 32°C.

Chemical Treatment with Inhibitors

Small molecule inhibitors were added to the embryo medium at 3 dpf for a period of 6 h and
kept at 32°C. Inhibitors used consisted of CI1-1040 (1.5 mM), BEZ235 (500 nM), and
PTK787/ZK222584 (5 mM). Inhibitor was then washed out with three washes of embryo
medium. All inhibitors were purchased commercially from Axon Medchem.
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Quantitation of Thoracic Duct Formation

Embryos were anesthetized with tricaine (Sigma) and mounted in 4% methylcellulose. TD
formation in a transgenic endothelially-driven GFP line [15] was evaluated at 4 dpf via
fluorescence microscopy. The presence of the dorsal aorta and posterior cardinal vein was
identified anatomically. In addition, blood flow was ensured by microscopic evaluation in
embryos at this time. The TD was identified as a separate tubular structure just ventral to the
aorta over a length of the first six intersegmental vessels (ISVs), 7.e. over 6 somites. This
was the only lymphatic vessel directly and clearly observed in the embryo. The duct was
counted as present only if it spanned this entire length. Partial formation was rarely
observed, and scored as absence of TD.

Statistics Analysis

Statistical analysis was performed using Chi squared analysis. A total of eight separate
experiments were combined according to identical treatment conditions. Error bars indicate
standard deviation between experiments.

Results

Effects of MAPK Inhibition on Thoracic Duct Development

In order to directly visualize the vasculature, we used transgenic zebrafish lines with
fluorescently labeled endothelial cells . Zebrafish embryos were allowed to develop
normally so that angiogenesis and functional blood flow was clearly established by from 1-3
dpf . The development of the TD was monitored in untreated embryos over time and
formation was nearly complete in 80% of animals by 4 dpf (unpublished data). This allowed
for a standard time-sensitive phenotype with which to compare our treated embryos
(corresponding to E10-11 in mice) . Our experimental design involved a short-term 6 h pulse
of chemical inhibition, followed by 18 h of recovery, then quantitation of lymphatic vessel
over 6 somites. As VEGFR3 activates both the MAPK and PI3K/TOR signaling cascades,
we sought to determine the extent to which each pathway contributed to TD formation. Prior
studies in mice suggested a role for MAPK in lymphatic vessel development. However, its
precise spatiotemporal function could not be determined owing to embryonic lethality . We
have previously shown that CI-1040, a highly selective and noncompetitive inhibitor for
MEK, induced specific vascular effects in the zebrafish model . Our unpublished
observations also suggested that short-term inhibition of the MAPK pathway effectively
blocked lymphatic vessel formation. To investigate this process further, we targeted the
MAPK pathway using CI-1040. Zebrafish were treated with a pulse of inhibitor at 3 dpf for
6 h, followed by triple washout with embryo medium and incubation without inhibitor for an
additional 18 h, The following day (4 dpf), we measured TD formation over the first 6
somites in individual animals and scored for its absence or presence in an all-or-none
manner (Figs. 2A",D). A majority of larval fish lacked a TD; an average of only 24% of
chemically treated animals displayed a connected lymphatic vessel over this region (Figs.2B
" E). By comparison, over 82% of untreated, wild type larvae had developed a TD by this
time (CI 8.8-25.3). A range of CI-1040 doses were used to determine that treatment at 1.5
UM was most effective (unpublished data). Interestingly, our data suggest a precise
spatiotemporal need for MEK-MAPK/ERK activation during this 6-h period because TD
formation could not be recovered in the next 48 h, up to 6 dpf (data not shown), resulting in
massive edema (Fig. 2C). This underscores the importance of investigating lymphatic
vascular formation using an /n vivo model. These data were highly reproducible over eight
separate experiments (n >100 individual animals per condition; p<0.0001).

In addition to the lack of formation of the TD, more subtle differences between treated and
untreated embryos were encountered. In wild type fish, presumptive lymphangioblasts
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accumulate in the space between the dorsal aorta and posterior cardinal vein . As the TD
forms, a lymphatic vascular plexus can be seen in this region, which remodels into
lymphatic intersegmental vessels guided by intersomitic arteries . By 4 dpf, a large
proportion (~80-90%) of zebrafish developed a lymphatic plexus (data not shown).
However, in larval fish treated with the 6 h pulse of CI-1040, large gaps were frequently
observed (Fig. 2B”). The lack of GFP-positive endothelial cells suggests a reduction in
proliferation and/or migration of lymphangioblasts into this region. In addition, CI-1040-
treated fish began to develop pericardial edema by this time point (4 dpf), as an early sign of
an inability to clear extracellular fluid (Fig. 2B). The presence of pericardial edema was
frequently directly correlated with the absence of the TD in the same animal.

Inhibition of PI3K/TOR on Thoracic Duct Assay

In addition to the MAPK pathway, involvement of the PI3K-AKT-mTOR signaling axis in
lymphatic vessel formation, particularly at later stages of lymphatic valve and collecting
duct formation, has been implicated . To investigate a direct stage-specific role /in vivo for
this pathway, we used a dual specificity inhibitor, BEZ235, which blocks the function of
both PI3K and TOR . In addition, we also examined upstream receptor inhibitors: PTK787/
ZK222584 (5 puM); which blocks all 3 VEGFRs . Each chemical was introduced at 3 dpf for
a pulse of 6 h, followed by triple washout and 18 h of recovery, as above. Evaluation of TD
formation with each inhibitor demonstrated reduced lymphangiogenesis, as compared with
controls (Fig. 2E). Curiously, in embryos treated with PTK787 (targeting VEGFRs; thus
both PI3K and MAPK pathways), lymphatic duct development was similarly affected as in
the MEK/MAPK treated group (11% for PTK787, C119.7-80.4; 24% for C1-1040). In
contrast, the use of BEZ235 was less effective, allowing 55% of treated animals to score
positive in our assay (Cl 2.5-6.1; Fig. 2D).

Discussion

Understanding the basic developmental mechanisms of lymphangiogenesis provides
important insights into how its deregulation may contribute to lymphatic disorders. By
applying current understanding of the roles for VEGFR3 activation of MAPK and PI3K-
AKT-TOR signaling pathways, we used selective small molecule inhibitors to determine
how functional blockade for a defined period of 6 h at 3 dpf would affect lymphatic vessel
development (Fig. 1). Interestingly, our targeted treatment revealed a narrow window for
lymphangiogenesis that appears to depend strongly on MAPK signaling /7 vivo. This
observation is supported by the lack of recovery in TD development over the next 2.5 d (54
h), correlated with excessive edema, suggesting functional impediment of fluid clearance.

Over the last 30 years, study of the function of the VEGF-A ligand and VEGFR2 signaling
pathway has led to the first clinical use of anti-angiogenic therapies for the treatment of
cancer and the vascularized form of macular degeneration . However, little is known about
the intracellular signaling components downstream of receptor stimulation /n vivo.
Recessive VEGFR3 or VEGF-C null mice are embryonically lethal, while VEGFR3
heterozygous adults exhibit haploinsufficiency, affecting lymphatic vessel function . In
humans, an autosomal dominant mutation in VEGFR3 results in a rare lymphatic disease
known as Milroy disease . Affected individuals develop progressive lower extremity edema.
Reduced function of the VEGFR3 signaling pathway and hypo-proliferation of LECs have
been proposed as a cause of this disease . However, it is important to note that disorganized
lymphatic vessels and poor function are also found in other forms of lymphatic disorders .
We hypothesized that small molecule inhibitors targeting the receptor or its effector kinases
might also be effective in regulating the overall signaling level of these pathways during
distinct phases of lymphangiogenesis. Formation of the lymphatic system likely involves a
specific stepwise activation of external receptors and intracellular signaling pathways.
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Examination of an early /in vitro report of VEGF-C versus VEGF-A signaling in isolated
human LECs demonstrated a qualitatively distinct mode of MAPK activation . VEGF-A
stimulation led to rapid and robust phosphorylation that peaked at 10-20 min and then
returned to basal levels. In contrast, VEGF-C activation triggered a sustained but lower level
increase in MAPK phosphorylation for 6 h . Using chemical modulation of VEGFR receptor
signaling pathways established in our laboratory, we have demonstrated that TD formation
is severely and similarly impaired by either VEGFR or MAPK inhibition /n vivo. Therefore,
intracellular activation of the MAPK signaling pathway promotes lymphangiogenesis. In
contrast, the limited effects on lymphatics of inhibiting the PI3K-AKT-TOR signaling
pathway suggest a minor role during this narrow time window. This is supported by the need
for AKT function in lymphatic valve formation in the mouse model .

Despite these promising results, limitations of our model mandate additional
experimentation. For example, chemical treatment of the whole organism affects every cell
in the body. Thus, we have been careful in restricting our inhibitor treatment to a pulse of 6
h, followed by extensive washout and recovery as in our reported studies . Our previous
experience suggests that this controlled treatment period can produce a more selective
targeting of essential steps in vascular development. Our data is consistent with other groups
in measuring the spatiotemporal development of the lymphatic vascular system in the
zebrafish model . Furthermore, our assays are defined to target clinically relevant signaling
pathways that have been shown to be significantly upregulated in human cancers . Current
cancer studies suggest that identifying the deregulated pathway driving cancer growth can
facilitate treatment options . Consistent with this idea, we suggest that identification of
aberrantly activated pathways in vascular anomalies may also be useful in the development
of potential drug therapy.

Further characterization of lymphatic vascular development is required in order to obtain
insights into deregulation in lymphatic disorders. Since our study defines an /n vivorole for
MAPK signaling during lymphangiogenesis, it is possible to consider that deregulation, such
as overactivity, may contribute to the progression of lymphatic diseases. This possibility is
supported by malformation and dysfunction of the mouse lymphatic system upon loss of
MAPK pathway regulators, SPRED1/2 . Further examination of this pathway in patient
lesional samples of lymphatic disorders may provide support for the development of an anti-
MAPK therapy using selective MEK inhibitors currently under preclinical development for
cancer treatment.
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Figurel. MAPK and PI3K Signaling Pathways

VEGFR2 and R3 can stimulate MAPK and PI3K signaling pathways in vitro. Inhibitors
Cl-1040, BEZ235 (BEZ), and PTK787/2K2222584 (PTK) were employed to target the
MAPK pathway, the PI3K pathway, or both pathways, respectively.
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Figure 2. Formation of Thoracic Duct in Treated and Untreated Zebrafish Embryos

Embryos treated with MAPK (Mek1/2) pathway inhibitor CI-1040 developed progressive
pericardial (black arrow) and diffuse (black arrowhead) edema over time (panels A-C).
Microscopic magnification of boxed areas in A and B are noted. TD development was
evaluated over a length of 6 ISVs and located between the dorsal aorta and posterior cardinal
vein (labeled) (panel A”). Panel D shows a schematic indicating the thoracic duct in yellow.
In fish treated with C1-1040, loss of TD formation and lack of presumed LECs (white
arrows) were noted (panel B”). Compared with controls, all treatment groups exhibited
statistical prevention of formation of TD (p<0.0001, Chi squared test). In addition, C1-1040
more strongly prevented formation compared with BEZ (p<0.0001, OR=3.9) Error bars
indicate standard deviation between experiments (panel E). Scale bar A 300 wm; A" 100

pm.
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