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Abstract
Background—The lymphatic endothelium is an important semi-permeable barrier separating
lymph from the interstitial space. However, there is currently a limited understanding of the
lymphatic endothelial barrier and the mechanisms of lymph formation. The objectives of this
study were to investigate the potential active role of lymphatic endothelial cells in barrier
regulation, and to test whether the endothelial cell agonists VEGF-A and VEGF-C can alter
lymphatic endothelial barrier function.

Methods and Results—Cultured adult human dermal microlymphatic endothelial cells
(HMLEC-d) and human umbilical vein endothelial cells (HUVEC) were respectively used as
models of lymphatic and vascular endothelium. Transendothelial electrical resistance (TER) of
endothelial monolayers served as an index of barrier function. Cells were treated with VEGF-A,
VEGF-C, or the VEGFR-3 selective mutant VEGF-C156S. MAZ51 was used to inhibit VEGFR-3
signaling. The results show that while VEGF-A causes a time-dependent decrease in TER in
HUVEC, there is no response in HMLEC-d. In contrast, VEGF-C and VEGF-C156S cause a
similar decrease in TER in HMLEC-d that is not observed in HUVEC. These results corresponded
to the protein expression of VEGFR-2 and VEGFR-3 in these cell types, determined by Western
blotting. In addition, the VEGF-C- and VEGF-C156S-induced TER changes were inhibited by
MAZ51.

Conclusions—The results indicate differential responses of the lymphatic and vascular
endothelial barriers to VEGF-A and VEGF-C. Furthermore, our data suggest that VEGF-C alters
lymphatic endothelial function through a mechanism involving VEGFR-3.
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INTRODUCTION
The endothelial cells that form initial lymphatic vessels and the inner lining of collecting
lymphatics act as a barrier between the lymphatic vessel lumen and the surrounding tissues.
The structural role of lymphatic endothelial cells in maintaining normal lymphatic function
and fluid homeostasis is well recognized. However, relatively little is understood about the
specific cellular and molecular mechanisms that regulate lymph formation and propulsion,
and what active role lymphatic endothelial cells may have in such processes.
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Our current understanding of normal lymph formation involves a positive hydrostatic
pressure gradient favoring diffusion of fluids and solutes from the interstitial space to the
lumen of the initial lymphatic1. Fluid and solutes enter the initial lymphatics through sub-
microscopic primary one-way valves in the endothelium that prevent backflow of fluid to
the interstitial space as the luminal volume increases2–4. Subsequent opening of a larger,
secondary valve that connects the initial lymphatic to its downstream collecting lymphatic,
allows emptying of the newly formed lymph and restarts the cycle of fluid entry1. In this
paradigm, the endothelial cells have been assumed to have a predominantly passive,
structural role. However, we know from several studies of blood vessels that endothelial
cells typically play an active role in regulation of the transvascular exchange of fluids and
solutes5–7. Thus, we hypothesized that lymphatic endothelial cells may also possess the
ability to alter the lymphatic barrier and thus potentially influence the rate of lymph
formation.

Studying lymph formation in vivo is challenging because so many endocrine, neurogenic,
myogenic, and hemodynamic factors in the surrounding tissue can potentially alter the
gradient between interstitial and intralymphatic fluid pressure. Moreover, there is also the
difficulty of selectively targeting lymphatic endothelial cells with pharmacological agents or
genetic treatments in vivo. One approach to overcome these challenges is to utilize isolated,
cultured lymphatic endothelial cells as a model of the lymphatic endothelial barrier in a
similar fashion as cultured vascular endothelial cell models of microvascular permeability8–
10. Thus, the overall objective of this study was to evaluate the barrier characteristics of
cultured human microlymphatic endothelial cells under basal conditions and after stimuli
that could potentially alter the lymphatic barrier.

Vascular endothelial growth factors (VEGFs) are endothelial agonists that possess
vasoactive as well as angiogenic properties11–14. The first member of the VEGF family to
be discovered, VEGF-A (also VEGF-165), binds to the receptors VEGFR-1 and VEGFR-2,
and through the latter of these receptors causes vasodilation and elevates microvascular
permeability, in addition to promoting angiogenesis14–16. VEGF-C binds to VEGFR-2 with
less affinity than VEGF-A, and has also been shown to cause mild vasodilation and increase
permeability in vivo17. VEGF-C also binds to VEGFR-3, located primarily on lymphatic
endothelium, through which it can promote lymphangiogenesis18. The importance of
VEGFR-3 in normal lymphatic development and function is highlighted by reports showing
that certain mutations of this receptor cause primary lymphedema19–21.

VEGF-A and VEGF-C are normally present in the circulation, with serum levels
respectively estimated to be as high as 380 pg/ml and 10 ng/ml (0.6 nM) in healthy patients,
and even higher in patients who are obese or have lung disease or cancer 22–26. However,
the physiological and pathological roles of these VEGFs have not been completely
characterized, particularly how they could affect lymphatic barrier function and lymph
formation. The purpose of this study was to study the barrier characteristics of cultured adult
human dermal microlymphatic endothelial cells (HMLEC-d), under basal conditions, and
after stimulus with VEGF-A and VEGF-C. We utilized measurement of transendothelial
electrical resistance (TER) as an index of endothelial barrier function. HUVEC monolayers
were used a model of vascular endothelium for comparison studies. Here, we describe the
differential responses to VEGF-A and VEGF-C we observed in HMLEC-d and HUVEC, as
well as our investigation of the role of VEGFR-3 in lymphatic endothelial barrier function.
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MATERIALS AND METHODS
Materials

Cryopreserved adult human dermal microlymphatic endothelial cells (HMLEC-d), human
umbilical vein endothelial cells (HUVEC), Clonetics microvascular endothelial growth
medium (EGM-2MV) and endothelial basal medium (EBM) were obtained from Cambrex
(East Rutherford, NJ). Recombinant human VEGF-A, VEGF-C, and VEGF-C-Cys-156-Ser
(VEGF-C156S) were purchased from R&D Systems (Minneapolis, MN). MAZ51 was
purchased from EMD-Calbiochem (San Diego, CA). Rabbit anti-prox-1 antibody (ab11941)
was purchased from Novus Biologicals (Littleton, CO). Rabbit anti-LYVE-1 (H-156) and
goat-anti-VE-cadherin (C-19) antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Mouse anti-VEGFR-3 (clone 9D9F9) and mouse anti-VEGFR-2 (clone
CH-11) were purchased from Chemicon/Upstate (Charlottesville, VA). Rabbit anti-
podoplanin (PA1143A) was from Cell Sciences, Inc. (Canton, MA) and mouse anti-
PECAM-1 (clone WM59) was from GeneTex (San Antonio, TX). Cy2 and Cy3-labeled
secondary antibodies were from Jackson Immunoresearch (West Grove, PA). HRP-
conjugated anti-mouse IgG was purchased from Promega (Madison, WI). Vectashield
mounting medium was from Vector Laboratories (Burlingame, CA).

Cell Culture and TER Measurement
HMLEC-d and HUVEC were routinely maintained in EGM-2MV. TER measurement was
performed using an Electrical Cell Motility System (CET, Inc., Coralville, IA) as previously
reported9. In brief, cells were seeded at 105 cells/cm2 onto gelatin-coated gold electrode
arrays (Applied Biophysics, Troy, NY). Medium served as the electrolyte, and barrier
function was dynamically measured by determining the impedance of the cell-covered
electrodes. A 1-V, 4000-Hz AC signal was supplied through a 1-MΩ resistor to approximate
a constant-current source. The in-phase voltage (proportional to resistance) and the out-of-
phase voltage (proportional to capacitive resistance) were measured. Cells were grown
overnight on the electrode arrays, and any endothelial monolayers with baseline resistance
values below 5000 Ω were excluded from the study. The next morning, medium was
replaced with serum-free EBM, and cells were incubated a minimum of 2 hours prior to
experimental treatments. Cells were treated with the indicated concentrations of VEGF-A,
VEGF-C, VEGF-C156S, or MAZ51. The optimal concentrations used were based upon our
dose-response study and work reported by others8, 27–31. Endothelial barrier function is
presented as a fractional change in TER.

Immunofluorescence Labeling and Microscopy
Cells were grown on gelatin-coated round #1 coverslips (VWR) and allowed to reach
confluence. The cells were then fixed at 25 °C in 4% paraformaldehyde in PBS for 5 min.,
followed by permeablization with 0.5% Triton X-100 in PBS for 10 min. The cells were
then incubated for 1 h at 25 °C in a 1% BSA blocking solution followed by overnight
incubation at 4 °C with primary antibody. After washing 3X with PBS, cells were incubated
for 1 h at 25 °C with Cy2 or Cy3-labeled secondary antibody, and washed again 3X with
PBS. Nuclei were labeled with Hoechst 33342. The coverslips were mounted on glass slides
with Vectashield, and images were obtained with a Zeiss Axiovert 200M fluorescence
microscope and AxioCam MRm black and white digital camera (Carl Zeiss, Thornwood,
NY). Digital images were collected using Zeiss Axiovision 4.5 software.

Western Blotting
Protein was obtained by lysis of cells in ice-cold RIPA lysis buffer (Upstate) containing 1X
HALT protease inhibitor cocktail (Pierce, Rockford, IL) for 15 min. Protein concentrations
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were determined with the Bradford assay, and equal amounts of protein were loaded for
SDS-PAGE in 6% acrylamide gels. Mobility was assessed using NexusPointer protein
marker #BNPM50 (BioNexus, Oakland, CA). Proteins were transferred to nitrocellulose for
immunoblotting with anti-VEGFR-2 or anti-VEGFR-3 antibodies followed by appropriate
HRP-coated secondary antibodies. Bands were visualized by chemiluminescence.

Data Analysis
TER data obtained from multiple wells of different electrode arrays were normalized to
baseline, averaged, and reported as normalized resistance or the fractional change in
resistance. The concentration-response data are presented as a percentage of the maximum
response to VEGF-C. Concentration-response relationships were calculated and plotted
using Deltagraph 5.5.2 software. Data are presented as the mean ± s.e.m. The significance
between groups was determined by t-tests, or one-way ANOVA followed by Bonferroni t-
tests for multiple comparisons where appropriate. Significance was accepted at P<0.05.

RESULTS
As a first step in establishing a cultured cell-based model of the lymphatic endothelial
barrier, we sought to characterize the lymphatic endothelial phenotype of HMLEC-d. To
achieve this, we tested for the presence of four markers used to identify lymphatic
endothelial cells: Prox-1, LYVE-1, VEGFR-3, and podoplanin. These markers were all
present in HMLEC-d as shown in Fig. 1. These cells also prominently displayed at their cell-
cell junctions the endothelial-specific adhesion proteins VE-cadherin and PECAM-1, which
play important roles in the maintenance of endothelial barrier function (Fig. 1).

We next examined whether the endothelial barrier formed by HMLEC-d in culture is
functionally comparable to that seen with cultured vascular endothelial cells, using TER as
an index of barrier function. We first tested the ability of the endothelial monolayers to
respond to VEGF-A (Fig. 2), which increases endothelial permeability both in vivo and in
cultured endothelial cell models8, 14–16, 31. In HUVEC monolayers, VEGF-A caused a
time-dependent decrease in TER, indicating an opening of the endothelial barrier, followed
by a recovery characterized by elevated TER. HMLEC-d, however, did not respond to
VEGF-A treatment (Fig. 2).

We also tested the ability of VEGF-C to alter TER in both HMLEC-d and HUVEC (Fig. 3).
In this case, both HMLEC-d and HUVEC responded, although differently. In HUVEC, the
response was somewhat similar to VEGF-A, however the initial decrease in TER was of a
much lower magnitude, with the elevated TER during recovery being roughly the same as
with VEGF-A treatment. In HMLEC-d, VEGF-C caused a steady decline in TER with a
maximal change after about 40 minutes, followed by a gradual recovery to the initial TER
level (Fig. 3).

To better understand these differential responses by HMLEC-d and HUVEC, we determined
the expression of VEGFR-2 and VEGFR-3 in these two cell types by Western blotting (Fig.
4). The blot for VEGFR-2 shows a much stronger band for VEGFR-2 in HUVEC than in
HMLEC-d. On the other hand, the blot for VEGFR-3 shows that expression of this receptor
was much greater in HMLEC-d than in HUVEC. Only a very faint middle band (175 kDa)
corresponding to a precursor form of VEGFR-332, 33 was apparent in the HUVEC lysate
(Fig. 4).

Next, we further determined whether the VEGF-C-induced changes in HMLEC-d TER are
due to a VEGFR-3-dependent mechanism (Fig. 5). There were no significant differences
between the time-courses of the responses of HMLEC-d to VEGF-C and the VEGFR-3
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selective agonist, VEGF-C156S (Fig. 5A). In addition, the concentration-response
relationships of these two agonists were also quite similar (Fig. 5B). Furthermore, when we
pretreated HMLEC-d with the VEGFR-3 inhibitor MAZ51, the response to VEGF-C156S
was abolished (Fig. 6).

DISCUSSION
In the present study, we demonstrate the novel finding that VEGF-C alters the barrier
function of cultured lymphatic endothelial cells in a concentration- and time-dependent
manner. We also show that this response is not present in vascular endothelial cells having
little or no detectable expression of functional VEGFR-3. In addition, we show that the
VEGF-C induced changes in TER can be mimicked by selective activation of VEGFR-3
with VEGF-C156S, and that inhibition of VEGFR-3 with MAZ51 abolishes this response.
Taken together, the data suggest that VEGF-C-induced changes in lymphatic endothelial
barrier function are dependent upon a mechanism that involves VEGFR-3.

Previously, in the mechanism of lymph formation, lymphatic endothelial cells have
predominantly been considered as passive structures with one-way primary valves for the
convective diffusion of fluid and solutes from the interstitial space into the initial lymphatic
lumen1–4. Our data, however, implicate a possible active role of lymphatic endothelial cells
in this process. By actively altering barrier function in response to various stimuli,
endothelial cells may regulate the hydraulic conductivity of water and diffusive permeability
coefficients of various solutes into initial lymphatics. Considering our current finding that
VEGF-C decreases lymphatic TER, suggesting elevated permeability, we speculate that in
vivo VEGF-C may possibly promote more rapid lymph formation when the concentration
gradients that drive lymph formation are in a steady state.

While our finding that VEGF-C can alter the barrier function of HMLEC-d may be novel,
the concept of lymphatic endothelial cells modulating normal, physiologic function of
lymphatic vessels is already established. Several studies have demonstrated the importance
of signaling from lymphatic endothelial cells to lymphatic smooth muscle in the regulation
of phasic and tonic contractility34–36. In addition, recent reports suggest that lymphatic
endothelial cells serve as sensors of local lymph flow and transduce signals to lymphatic
smooth muscle37, 38.

Relatively little is known about the barrier function of the lymphatic endothelium. One study
reports that in isolated iliac lymphatics, solutes smaller than 4.4 kDa can pass through the
lymphatic barrier, yet larger molecules do not, suggesting a permselective endothelial
barrier39. However, it is not yet clear what stimuli may modulate the permselectivity of the
lymphatic endothelium. Lymphatic endothelial cells may respond in similar ways to some
agents that alter vascular endothelial barrier function. Nevertheless, our results showing
differential expression of VEGFR-2 and VEGFR-3 between vascular and lymphatic
endothelial cells, similar to a previous report32, as well as different functional responses to
VEGF-A and VEGF-C strongly indicate that this cannot be assumed. It is also worth noting
that the abundant presence of VEGFR-3 on lymphatic endothelial cells, and their
responsiveness to VEGF-C may also have a profound impact on the network of signaling
pathways and cellular structures that define the responsiveness of the lymphatic
endothelium40.

We chose TER measurement to assess barrier function because it has been previously
established as a reliable index of permeability of vascular endothelial monolayers9, which is
verified by the fact that the response we observed to VEGF-A reflects previously published
findings8, 14–16, 31. TER also has the advantage insofar that rapid, dynamic changes can be
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measured, whereas solute flux studies are generally less sensitive because they are limited to
determining average permeability coefficients over longer time periods required to
accumulate enough tracer to accurately measure flux. Using a cell culture model also has the
advantages of the ability to exclusively study lymphatic endothelial cells, and having tight
control over hydrostatic and chemical factors that cannot be easily controlled in vivo.

In summary, we present novel data showing that VEGF-C can alter the barrier function of
lymphatic endothelial cells through a VEGFR-3 dependent mechanism. Much work remains
to be done to elucidate the cellular and molecular mechanisms that determine lymph
formation. Our findings suggest that the endothelial cells lining the initial lymphatic vessels
are not static structures, but rather possess the ability to actively regulate the translymphatic
flux of fluids and solutes.
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Fig. 1.
Expression of lymphatic endothelial markers in cultured HMLEC-d. The green labeling in
panels A and B respectively show localization of prox-1 and LYVE-1. Panel C shows
VEGFR-3 labeling in red. Podoplanin is labeled green in panel D. Panels E and F
respectively show VE-cadherin and PECAM-1 labeled in red. Blue reflects nuclear labeling
by Hoechst 33342. All images are representative of at least three experiments. Bar = 20 μm.
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Fig. 2.
VEGF-A alters barrier function in HUVEC, but not in HMLEC-d. A. Tracings of the time-
courses of HUVEC and HMLEC-d TER before and during exposure to 1 nM VEGF-A are
shown. The tracings represent the averages of N=4 wells each. Panel B shows a comparison
of the mean fractional change in TER 1 min. after VEGF-A was added. **P<0.01 HUVEC
vs. HMLEC-d.
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Fig. 3.
VEGF-C causes differential changes in TER in HMLEC-d and HUVEC. A. The tracings
show average TER of HMLEC-d and HUVEC before and during treatment with 10 nM
VEGF-C (N=4 each). Panel B shows the HMLEC-d and HUVEC TER before and during
treatment with 10 nM VEGF-C156S (N=4 each). C. The mean fractional changes in TER 30
minutes after the addition of VEGF-C or VEGF-C156S are shown. *P<0.05 between the
indicated groups.
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Fig. 4.
HMLEC-d and HUVEC differentially express VEGFR-2 and VEGFR-3. The upper blot
shows a strong band for VEGFR-2 in HUVEC and a very weak band in HMLEC-d
(arrowhead). The lower blot shows strong bands for VEGFR-3 (arrows) in the HMLEC-d
lane and one weak VEGFR-3 band in the HUVEC lane (middle arrow). The bands at ~195,
~175, and ~125 kDa reflect the uncleaved, mature form, a unglycosylated precuror, and
cleaved form of VEGFR-3, respectively32, 33. The blots are representative of three separate
experiments.
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Fig. 5.
The time-course and dose-response characteristics of VEGF-C- and VEGF-C156S-induced
TER changes in HMLEC-d are similar A. No significant differences in the time courses of
VEGF-C and VEGF-C156S were apparent. N=4 for both treatments. B. VEGF-C and
VEGF-C156s also showed very similar dose response characteristics, with both curves in the
same order of magnitude and with VEGF-C156S having a similar Emax value and VEGF-C.
The estimated EC50s for VEGF-C and VEGF-C156S are 4.13 and 2.25 nM, respectively.
There were no significant differences between the responses to VEGF-C and VEGF-C156S
at each concentration tested. N=4 for each concentration tested.
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Fig. 6.
Inhibition of VEGFR-3 blocks VEGF-C156S-induced changes in TER in HMLEC-d.
MAZ51 (5 μM) was added 30 minutes prior to VEGF-C156S (10 nM), and itself did not
alter TER. However, MAZ51-treated HMLEC-d did not display decreased TER after
treatment with VEGF-C156S, unlike cells that were not treated with MAZ51. The tracings
show the average TER from both groups. N=4 for both groups.
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