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Abstract

Background: Relatively few attempts have been made to set up an assay that allows the measurement of
lymphatic endothelial cells (LECs) motility. Nowadays, the most widely used methods involve adaptation of the
Boyden chamber method or the wound scratch assay, both of them showing some limitations due to long and
expensive setup and high variability.
Methods and Results: We propose a new, economic, and easy to setup LEC Motility (ELM) assay that will
contribute to the study of lymphangiogenesis. The experimental setup consists of extending the coating of the
flask with extracellular matrix (ECM) proteins also at the area opposite to the cap, where the LECs will be
initially seeded at various densities. The day after, the flasks will be inclined at an angle of about 20� to cover
the entire coated surface. Twenty-four hours later, flasks will be moved to the standard position, and the motility
of the cells will be easily observed. Using the ELM assay, we were able to compare the motility rate of LECs
isolated from different origins, or seeded on different substrates.
Conclusion: We propose the use of a new method to evaluate the motility of LECs: the ELM assay. This cost-
effective analysis has several advantages: It can be easily set up in any cell biology laboratory, can be carried
out rapidly, and allows the monitoring of cellular motility for a long period.
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Introduction

Lymphangiogenesis, the formation of new lymphatic
vessels from pre-existing ones, is an important biologi-

cal process that is associated with different pathologies.1–4 It
has long been overshadowed by research on angiogenesis
because of the lack of markers to identify and distinguish
lymphatic from blood endothelial cells together with the
absence of a specific assay. Much progress has been made in
recent years in identifying molecules specifically expressed on
lymphatic vessels5–7 and in the setting up of in vitro and in vivo
models of lymphangiogenesis, paving the way for a new area of
research in the field.8–10 Obviously, no single model is able to
elucidate the entire process of lymphangiogenesis associated
with various pathological situations. To date, in vitro models of
lymphangiogenesis have focused predominantly on migration,
proliferation, and tubule formation by lymphatic endothelial
cell (LEC) in response to exogenous inhibitory or stimula-

tory agents.10–12 In particular, different assays have been
proposed as a standard in vitro technique for probing col-
lective LEC migration.9,10,13 Most of these methods are the
result of an adaptation of assays already in use for studying
angiogenesis, as in the modified Boyden chamber assay
where LECs are plated on top of a coated filter, and migrate
across it in response to a lymphangiogenic factor placed in
the lower chamber.9,13 Although this assay is highly sensitive
to small differences in concentration gradients, it intrinsically
carries several drawbacks due to the technical difficulties
of the setup, the troubles in maintaining transfilter gradients
for long periods, and the inaccurate cell counts when small
numbers of cells pass through the filter. On the other hand, in
the adaptation of the wound-healing assay,8,10,14 a confluent
monolayer is manually scratched with a pipette tip, needle, or
other sharp tools14,15 to create a wound that induces the cells
to migrate across the gap. In a typical experiment, the healing
closure rate depends on the extension of the gap and on the
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molecules added to the cell culture medium. However, the
mechanical scratch, which damages both cells and the un-
derlying extracellular matrix (ECM), is manually created,
thus limiting the generation of reproducible wounds. Then,
injured cells must be quickly and completely removed, since
the release of biological factors may interfere with the assay.
Nevertheless, the unpredictable and uncontrollable damage
to ECM can deeply affect cellular migration rates.

Recently, a new technical approach gave rise to an assay
where fibroblasts or osteoblasts mobility has been measured.16

Considering the similarity of LECs with these type of cells in
terms of developmental origin, we decided to modify this
method, creating a new, economic, and easy to setup LEC
Motility (ELM) assay that will surely contribute to the study
of lymphangiogenesis.

Materials and Methods

Characterization of LECs

Fragments of normal lymph nodes and thymus were obtained
from patients undergoing therapeutic surgical procedures, ac-
cording to the principles listed in the Helsinki Declaration, and
were immediately transferred on ice to the laboratory. Lymph
node (Ln)- and Thymus (Th)-derived LECs were isolated from
healthy tissues by double immunomagnetic purification as
previously described.17,18 Cells were cultured in endothelial cell
growth media (EGM) or endothelial cell basal media (EBM)
(Lonza BioWhittaker, Walkersville, MD, USA) and grown in a
humidified atmosphere at 37�C and 5% CO2. The purity of Ln-
and Th-LECs was assessed by evaluating the expression of
CD31 and LYVE-1 as previously described.4 Briefly, im-
munocytochemical studies were performed on cells seeded in
Lab-Tek II chamber slides (Nalgene Nunc International,
Rochester, NY, USA) that were coated with collagen type I.

Cells at confluence were fixed for 5 minutes with 4% para-
formaldehyde in phosphate-buffered saline (PBS), pH 7.4 for
10 minutes at room temperature. Cells were washed twice
with PBS, incubated with 10% goat serum (Gibco, Grand
Island, NY, USA) to block a specific binding, and finally
incubated for 90 minutes at 37� C with either mouse mono-
clonal antibodies against CD31 (dilution 1:100; Dako, Car-
pinteria, CA, USA) or rabbit polyclonal antibodies against
LYVE-1 (dilution 1:160; Reliatech, Braunschweig, Ger-
many). To identify the presence of false positives due to
nonspecific binding of the secondary antibody, samples from
each type of LECs were treated in the same way, with buffer
replacing the primary antibodies. After washing with PBS,
cells were incubated for 45 minutes at room temperature with
a 1:300 dilution of cyanine dye-labeled goat anti-mouse or
goat anti-rabbit IgG ( Jackson ImmunoResearch, West
Grove, PA, USA). Air-dried cells were then mounted with
Fluorosave (Calbiochem, La Jolla, CA, USA) and photo-
graphed by using a Zeiss Axiophot-2 microscope (Oberko-
chen, Germany).

ELM assay

Cell movement was measured on collagen type I- or
fibronectin-coated (Sigma, St. Louis, MO, USA) T25 tissue
culture flasks. At variance with standard techniques, the
flasks were coated with ECM-derived proteins (collagens
type I: 5 lg/cm2; fibronectin: 1 lg/cm2) also on the area op-
posite to the cap. Before use, flasks were rinsed with PBS,
placed in the upright position and cells were added at dif-
ferent concentrations in the presence of EBM containing 2%
fetal bovine serum (FBS). Cells were allowed to adhere to the
end of the flask by overnight incubation at 37�C. The day
after, complete EGM was added to the flasks whereas EBM
2% FBS was used as negative control. All flasks were

FIG. 1. Analysis of lymphatic cell lineage and purity of preparations. Confluent monolayers of Ln- and Th-LECs, seeded
on collagen-coated culture slides, showed, at microscopic examination, an elongated shape typical of LECs with a pro-
minent nucleus (A, D). Both Ln- and Th-LECs were positive for CD31 (B, E) and LYVE-1 (C, F). All data shown are
representative of three independent experiments conducted in the same manner and with similar results. LECs, lymphatic
endothelial cells; Ln, lymph node; Th, Thymus.
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subsequently inclined at an angle of about 20� to cover with
the medium the entire ECM-coated surface and to allow the
cells to migrate from the bottom of the standing flask to the
perpendicular ECM-coated observational surface. Twenty-
four hours later, flasks were moved to the standard position,
and the motility of the cells was easily observed for up to
10 days. Alternatively, after cell seeding, the 24 hour period
of flask inclination can be avoided.

Cellular motility can be roughly observed by comparing
the final position with the starting point. Indeed, LEC motility
was then quantified by using a 10-lm optical reticule grid
eyepiece on an inverted microscope, which allowed the
measurement in millimeters of the traveling distance of the
cells. The referring starting point was represented by the edge
of the two perpendicular coated surfaces. Cell motility rates
can be analyzed daily, by measuring the distance from the
edge of the flask to the leading edge of the cells. At the end of

the assay, at least 20 measurements across the entire migra-
tion front were taken. Cells scattered across the monolayer or
in the ‘‘empty’’ zone were ignored. Data were represented as
the average migration distance for each condition (–standard
deviation). Statistical significance was determined by an
analysis of variance ( p < 0.05).

Results

Characterization of LECs

Isolated Ln- and Th-LECs were grown in a collagen-
coated flask and showed, at the microscopic examination, an
elongated shape with a prominent nucleus, typical of LECs
(Fig. 1A, D, respectively). The purity of cell preparations was
ensured by the evidence that all cells, analyzed by immu-
nocytochemistry staining, express CD31 (Fig. 1B, E) and the
specific lymphatic marker LYVE-1 (Fig. 1C, F). Altogether,

FIG. 2. Simplified cell motility ELM assay. T-25 tissue culture flasks were coated with either collagen type I or
fibronectin in the gray areas, and LECs were added (A, B). After overnight incubation, flasks were inclined with an angle of
*20� (C) or in their normal position (D). Cells at the bottom of the flasks were allowed to migrate for up to 10 days. Cell
motility rates could be analyzed daily, by measuring the distance from the edge of the flask to the leading edge of the cells
(E) (Modified by Lallier et al.16). Quantification of cells in fibronectin (F) or collagen type I (G)-coated flasks where no
significant differences ( p > 0.05) were observed (H). All data shown are representative of three independent experiments
conducted in the same manner and with similar results. ELM, Easy to Setup LEC Motility.
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these results provide evidence of the initial lymphatic lineage
of cultured cells.

ELM assay

To evaluate cellular motility, the ELM assay was set up by
using Ln-LECs grown on either collagen type I or fibronectin
coating (Fig. 2A). We initially tested some dilutions of the
LECs: 1, 2, or 5 · 105 cells/mL in EBM 2% FBS; cells were
left to adhere for 24 hours at the bottom of the flasks as
illustrated in Figure 2B. The smaller concentration, 105 cells/mL,
did not form a straight and tightened cellular front whereas
the higher concentration, 5 · 105 cells/mL, resulted in float-
ing cells that would interfere with the assay by releasing
substances influencing motility or by subsequent adhesion in
the empty area, far from the starting point. Then, the con-
centration of 2 · 105 cells/mL gave the best results on both
collagen I- and fibronectin-coated flasks, because of the ho-
mogeneous cellular front and very few cells floating in the
supernatant. After cell attachment, the flasks were inclined at
an angle of *20� for an additional 24 hours. This passage,
which could be omitted in specific cases, allows the cells to
move from the bottom of the flask to the standard visible
surface, and to form the homogeneous cellular front that is
required for ELM evaluation. As shown in Figure 2, the
coating of either collagen I or fibronectin did not significantly
change the cellular migration rate that was comparable be-
tween the two conditions with no significant differences
( p > 0.05). Indeed, tilting the flasks to an angle of 20� reduced
the number of randomly scattered cells. Cellular motility was
monitored daily and finally analyzed and scored as described
in materials and methods. The movement of LECs main-
tained in EGM was evident when compared with either cells
seeded in untreated tissue culture flasks, where cells probably
did not adhere, or cells grown in EBM that represented our
negative control (data not shown). The impossibility of mi-

croscopically controlling the initial cell seeding at the bottom
of the standing flask should be noted.

We used the ELM assay to compare the motility of LECs
derived from either lymph node or thymus. Cells were seeded
on collagen type I at the identified concentration, and the
different samples were observed daily and photographed
(Fig. 3). As shown, Ln-LECs have a significantly higher
motility rate when compared with Th-LECs. Since the cel-
lular motility can be influenced by adhesion molecules,
which regulate the interactions between cells and ECM, the
surface expression of intracellular adhesion molecule 1
(ICAM-1) and vascular adhesion molecule 1 (VCAM-1) was
assayed in Ln- and Th-LECs subjected to ELM assay. At
day 4, cells were trypsinized and decorated with fluorescein
isothiocyanate-conjugated specific monoclonal antibodies.
Flow cytometry data showed that Ln-LECs constitutively
express higher levels of ICAM-1 in both EGM and EBM
medium when compared with Th-LECs.

Discussion

Different research articles have been published in the past
30 years that describe the role of lymphangiogenesis in the
onset and/or progression of different diseases.2,19–22 One of
the problems faced by lymphangiogenesis researchers is the
difficulty of finding suitable methods for assessing the ef-
fects of regulators of the response. The ideal assay would be
reliable, technically straightforward, easily quantifiable,
and economic. We propose a new, ELM assay that will
surely contribute to the study of lymphangiogenesis. We
believe that the big improvement of the ELM assay resides
in the fact that cell motility can be analyzed for a period of
up to 10 days, during which migration is not much influ-
enced by proliferation, since those cells have a doubling
time of different days.17

In our experiments, we used LECs isolated from fresh
lymph nodes and thymus that were characterized by the

FIG. 3. ELM quantification. Ln-LEC (white bars) and Th-LEC (gray bars) motility was observed at day 1 (A and B,
respectively), day 4 (C, D), and day 10 (E, F). The graph at the bottom of the figure represents the quantification of the ELM
assay (**p < 0.05). All data shown are representative of three independent experiments conducted in the same manner and
with similar results.
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expression of CD31 and the specific lymphatic marker
LYVE-1. Once characterized, we used Ln-LECs to identify
the number of cells to be seeded in a 25 cm2 flask; the
concentration of 2 · 105 cells gives a homogeneous starting
point and reduces the number of cells randomly floating in
the supernatant that could, eventually, adhere randomly to
the flask. As expected, no motility was observed when flasks
without coating were used, but this is probably related to the
fact that, in our experience, LECs are not able to adhere to
the uncoated flask. Incubation of both tilted flask lying flat
and directly lying flat results in comparable cellular adhe-
sion, even if the number of scattered cells was higher when
the tilted flask passage was avoided. Since cell death could
influence quantification, isolated LECs should be used at
early passages when mortality is almost absent. No differ-
ences were observed on motility when cells were seeded on
either fibronectin or collagen type I, even if we routinely use
a collagen-coated flask to grow and expand LECs in our
laboratory.

A different motility rate was observed when comparing Ln-
and Th-LECs. These data are in accordance with recent studies
demonstrating that LECs derived from different organ possess
distinct characteristics, including cell surface markers, growth
characteristics, and chemokine or cytokine production,23–26

which could, indeed, influence motility. Cellular adhesion
molecules are cell membrane receptors that mediate several
interactions that are known to play a role in a variety of
physiological and pathological conditions related to cell-
matrix contact. The difference in motility could, indeed,
derive from the altered expression of ICAM-1 on Ln- versus
Th-LECs as shown in Figure 4, where, even in the resting
status simulated by cultivation in EBM, cellular adhesion
molecules were strongly overexpressed by Ln-LECs. Of
course, many other factors would surely be involved in the
different motility of the two type of LECs, but this was not the
goal of our study. Even if the ELM assay is not useful to
monitor short time-induced motility, we believe that it has
different advantages compared with what is already de-

scribed in the literature (Table 1). Currently, in vivo assays
are time-consuming, costly, prone to high variability, and
difficult to quantify. The assay we described is easy to set in
any laboratory, since it requires basic tools, can be carried out
rapidly, and is clearly quantified. Limitation such as the

Table 1. In Vitro Lymphangiogenesis Assay:

Strengths and Weaknesses

Advantages Disadvantages

Boyden
chambers

� Measure migration
in response to a
gradient

� Extremely sensitive
to small changes in
concentration

� Technical difficulty
� Problems in

maintaining trans
filter gradients for
prolonged periods

� Difficulty in
obtaining accurate
cell counts when
small numbers of
cells traverse the
filter

Wound
assay

� Easy to set up
� Economic

� Difficult to generate
reproducible
wounds

� Release factors
from the damaged
cells

� Damage the ECM
� Impossible to

monitor long
periods

ELM
assay

� Easy to set up
� Reproducible
� Release of factors

from damaged cells
is avoided

� No damage of ECM
� Economic

� Not very useful for
monitoring short
period effect

ECM, extracellular matrix; ELM, Easy to Setup LEC Motility.

FIG. 4. Surface expression of adhesion molecules. The level of surface expression of ICAM-1 and VCAM-1 was assayed by
flow cytometry on Ln- and Th-LECs subjected to ELM assay and grown in EBM or EGM. All data shown are representative of
three independent experiments conducted in the same manner and with similar results. EBM, endothelial cell basal media;
EGM, endothelial cell growth media; ICAM-1, intracellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1.
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release of factors from damaged cells is avoided, no damage
of ECM is induced, and it is possible to monitor cellular
motility for several days. All the advantages listed earlier,
together with the economic costs of the method, support the
utility of the ELM assay for studying motility of LECs.
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