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Abstract. TGFf-induced protein (TGFBI) is an
extracellular protein that mediates cell adhesion to
collagen, laminin and fibronectin through its inter-
action with different  integrins. We had previously
reported that hypoxia-induced TGFBI mRNA ex-
pression in lymphatic endothelial cells (LEC). Here,
we demonstrate that TGFBI can contribute to hypo-
xia-induced increases in LEC adhesion to the ECM.
We show that while there are no changes in a,, oy, av,
Bi, B2, B3, asPi, avPs, avPs integrin expression on the
LEC surface after hypoxia exposure, there exists an

accumulation of TGFBI adaptor protein in LEC
supernatants. We also demonstrate that hypoxia
driven TGBFI expression is dependent on TGFf
production by LEC. Furthermore, we show that
TGFBI mediated LEC adhesion and migration
through the ECM by its binding to the (3; integrin.

The identification of the specific mechanisms regulat-
ing LEC-ECM interactions may help us design new
terapeutic applications for diseases in which lymphat-
ic vessel function is compromised.
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Introduction

The lymphatic vasculature comprises a tree-like
hierarchy of vessels that transports extravasated
fluid and macromolecules in a single direction from
tissues back to the blood circulation [1]. It exerts
important functions in immune surveillance, tissue
fluid homeostasis and fat absorption, being involved
in wound healing and some pathological processes,
such as lymphedema and cancer metastasis [2]. This
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vasculature constitutes a highly permeable system for
cell trafficking since it is composed of a single thin,
non-fenestrated endothelial-cell layer, not covered by
pericytes or smooth muscle cells. Furthermore, its
basement membrane is incomplete in such a way that
lymphatic endothelial cells (LEC) are anchored to the
extracellular matrix through elastic fibers that keep
the vessels from collapsing when changes in the
interstitial pressure occur [2]. Some of the lymphat-
ic-associated diseases (e.g., in lymphedema, wound
healing, and tumor metastasis) are closely related to
alterations in the interaction of these cells with the
ECM [3]. For example, it has been described that
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during tumor lymphangiogenesis the endothelial cells
increased their interactions with the ECM by over-
expressing integrins, a family of matrix-recognizing
receptor molecules [4, 5].

The integrin receptors are composed of two mono-
mers of a and 3 subunits. There exist 18 o and 8
different monomers and, from combinations between
them, 25 different integrins that have been described
in mammalian cells emerged. These proteins are
expressed in all tissues where they mediate cell
binding to different ECM proteins, such as vitronectin,
fibronectin, laminin, collagen, fibrinogen, and von
Willebrand factor [6]. Considerable data suggest that
the interaction of endothelial cells with the interstitial
matrix is relevant to maintain their morphology as
well as to provide vessel stabilization during stress
conditions [7]. Indeed, it has been described that LEC
grown on collagen type I in the absence of exogenous
growth factors exhibited a significantly higher survival
rate than those grown without ECM [8]. Furthermore,
a recent study has shown that there is an association
between the expression of the integrin subunits a5 and
B1 and the activation of VEGFR-3, the receptor for
the lymphangiogenic factors VEGF C and D that are
crucial for LEC cell survival [9].

In a previously published report, we demonstrated
that lymphatic endothelial cells (LEC) responded to
hypoxia by increasing their adhesion to the extrac-
ellular matrix [10]. We also described the hypoxia-
induced expression of several genes related to ECM
adhesion and remodeling, TGFBI (transforming
growth factor-f induced or Pig-h3) being among
them. TGFBI codifies for an extracelullar matrix
protein expressed ubiquitously [11]. It associates with
ECM molecules, including collagens, fibronectin,
laminin and glycosaminoglycans. To date, integrins
are the sole cell surface receptors identified for
TGFBI, and its interaction with them is related to
important cellular functions such as cell proliferation,
adhesion, migration, and differentiation [11].

In this paper, we describe how TGFBI contributes to
hypoxia-induced increases in LEC adhesion to the
ECM. Succinctly, here we report that 1) while there is
no change in integrin expression on the LEC surface
after hypoxia exposure, TGFBI, an integrin adaptor
protein accumulates in LEC extracellular media in
this condition, 2) TGBFI over-expression is depend-
ent on TGFp production and the subsequent activa-
tion of the SMAD 2/3 signaling pathway and, 3)
TGFBI mediates LEC adhesion and migration
through the ECM by binding to the 5 integrin.

We thus propose TGFBI as a TGFf-induced molecule
that contributes to LEC increased adhesion under
stress conditions. The identification of the specific
mechanisms regulating LEC-ECM interactions may
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help us to design new therapeutic applications for
diseases in which lymphatic vessel function is com-
promised.

Materials and Methods

Cell culture. Cryopreserved primary human lymphat-
ic endothelial cells (LEC) were obtained from Clo-
netics (HMVEC-dLyAd — Human Dermal Lymphatic
Microvascular Endothelial, Lonza, Barcelona, Spain).
They were cultured on collagen-coated 10 cm* dishes
in endothelial complete medium (EGM, Clonetics-
Lonza) consisting of EBM2 (endothelial basal me-
dium 2) supplemented with EGM-2 MV SingleQuots
(Clonetics-Lonza) composed of FBS, hydrocortisone,
EGF, VEGF, FGF-2, insulin-like growth factor 1,
ascorbic acid and gentamicin/amphotericin at the
concentrations supplied by the manufacturer (not
specified). Cell cultures were maintained at 37 °Cin a
humidified 5 % CO, incubator.

Hypoxic exposure. 5 x 10° LEC cells were cultured on
collagen covered 10 cm” dishes in EGM medium.
When the cells reached 70% confluence, the cell
medium was replaced by EGM without FGF-2 and
VEGTEF, and the cells were cultured under this con-
dition for 24 h. LEC cells were then exposed to
hypoxia (1 % O,) for different time periods in a multi-
gas incubator MCO-18M from Sanyo (Leicestershire,
UK).

RNA Isolation ¢cDNA synthesis and quantitative
Real-Time PCR. Total RNA was extracted with Trizol
(Gibco, Carlsbad, USA) following manufacturer’s
instructions and further purified by use of the RNeasy
total RNA isolation kit (Qiagen, Maryland, USA).
One microgram from each RNA sample was reverse-
transcribed into cDNA using 200 units of the Super-
script II reverse transcriptase (Promega, Madison,
USA) in a final volume of 20 pl.

For gene expression analysis the sequences of the
primers used were the following: (3-actin sense: 5'-
TCTACAATGAGCTGCGTGTG-3, f-actin anti-
sense: 5-GGTGAGGATCTTCATGAGGT-3, and
TGFBI sense: 5-GGACTGACGGAGACCCT-
CAA-3', TGFBI antisense: 5-GCATCTCTCCCAA-
GAGTCTGCT-3'. Real-time PCR was performed
using the SYBR green PCR master mix and the
iCycler real-time PCR instrument from Applied
Biosystems, (Warrington, UK). Cycling conditions
were:1x (50°C2 min and 95 °C2 min),40x (95 °C15s
and 60 °C 1 min) and 1x (95°C 15, 60 °C 1 min and
95 °C15 s). All samples were run in triplicate, in a total
reaction volume of 25 pl that included 1 pl of cDNA
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and 20 pM of each gene-specific primer. Fold changes
in the expression of each target mRNA relative to f3-
actin were calculated based on the threshold cycle (Ct)
as 2724 where ACt=Ct target — Ct B-actin and
A(ACt) =ACt o, —ACty o,

Lymphatic endothelial cells adhesion assays. To
measure LEC adhesion to several extracellular matrix
proteins, 1x10° LEC cells/ml were labelled in adhe-
sion-medium (RPMI 0.5% BSA, 20 mM HEPES)
with 10 uM calcein-AM (Fluka, Steinheim, Germany)
for 20 min at 37 °C. 96-well plates (TPP, St. Louis MO,
USA) were coated with 50 pg/ml type I rat tail
collagen (Becton Dickinson, New Jersey, USA), 50
pg/ml collagen type IV (Sigma), 10 pg/ml fibronectin
(Sigma), 5 pg/ml of human recombinant TGFBI
(R&D Systems, Inc., Minneapolis, USA), or 3%
BSA as negative control (Sigma) for 2h at 37 °C.
Before starting the adhesion experiments, the 96 well
plates were blocked by incubating them in a solution
of 1% BSA in RPMI for 1 h at 37 °C. Afterwards the
wells were rinsed with PBS and 1 x 10* LEC cells were
seeded per well and allowed to attach for 30 min at
37 °C. For integrin blocking experiments, 1 ug/ml of
the following monoclonal anti-integrin antibodies
were added 30 min before the LEC adhesion experi-
ments were performed: anti-a, integrin (MAB1973Z,
Chemicon International, California, USA), anti-f;
integrin (MAB2023Z, Chemicon International),
anti-a, integrin (340976, Becton Dickinson, New
Jersey, USA), anti-integrins av, B, B, asPi, avfs,
avPs (Integrin Classics Kit, ECM435, Chemicon
International) and a nonspecific IgG (MABO004,
R&D Systems). Non-adherent cells were removed
by gentle washing. Quantification of adherent cells
was performed on a Polarstar Galaxy, BMG (Offen-
burg, Germany) plate reader, using 485 excitation and
530 emission filters. Six replicates were made for each
condition.

For the inhibition of TGF pathway in the adhesion
experiments, LEC were incubated under hypoxia in
the presence of either 1 pg/ml of an anti-TGFBI
antibody (60007-1-1 g, Proteintech Group, Inc, Illi-
nois, USA), or 200 pg/ml of a TGFp1 blocking peptide
(P144) [12] or 1 pg/ml of a non-specific [gG (MAB004,
R & D Systems) for 24 h. After that time, LEC were
trypsinized and used in the adhesion experiments as
described above.

Flow cytometry analysis. LEC were cultured and
exposed to hypoxia for 24 h as described above. After
that time, the endothelial cells were harvested and
resuspended in 100 pl of staining buffer (5% FBS,
EDTA 2 mM in PBS) and incubated for 10 min at
room temperature with a concentration of 1 pg/ml of
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the following monoclonal antibodies: anti-a, integrin
(MAB1973Z, Chemicon International), anti-f; integ-
rin (MAB2023Z, Chemicon International), anti-a,
integrin (340976, Becton Dickinson), anti-integrins
av, By, Pz 5P, avPs, avPs (Integrin Classics Kit,
ECM435, Chemicon Interational) or a nonspecific
IgG (MABO004, R&D Systems). Afterwards, the cells
were washed with staining buffer and subsequently
incubated with 1:500 green-fluorescent Alexa Fluor
488 anti-mouse-secondary antibodies (Molecular
Probes) at room temperature for 10 min. Cells were
washed twice with staining buffer and analyzed on a
FACScan flow cytometer using Cellquest software
(BD-PharMingen).

Migration assay. LEC migration was assayed using
Boyden chambers (BD Biosciences, San Diego, CA)
by measuring the spontaneous migration of endothe-
lial cells through 8-pm pore size filters. A total of
4x10* LEC were seeded in 500 pl of migration
medium (RPMI supplemented with 0,5% BSA) on
the top membrane of transwell chambers pre-coated
with 50 pg/ml of type I rat tail collagen (Becton
Dickinson, New Jersey, USA), 50 ug/ml of collagen
type IV (Sigma), 10 pg/ml of fibronectin (Sigma),
5 ug/ml of recombinant human TGFBI or BSA at a
concentration w/v of 3% as control for nonspecific
binding. For blocking experiments, 1 ug/ml of an anti-
TGFBI antibody (60007-1-1 g, Proteintech Group,
Inc, Illinois, USA), 200 pg/ml of a TGFf1 blocking
peptide (P144) [12], 1 ug/ml of several anti-integrin
antibodies (see above) or a nonspecific IgG (see
above) were added to LEC 30 min before starting the
migration experiments. LEC migration was allowed to
occur during 12 h at 37 °C. After that time the upper
sides of the filters were wiped with cotton swabs and
rinsed twice with PBS. Cells on the lower surface of
the filter were fixated in formaldehyde 4 % for 2 h and
stained during 10 min with a solution of crystal violet
stain. The quantification of migrated cells was per-
formed by inverted microscopy inspection. At least
four high-powered fields were counted per sample. All
the experiments were performed in triplicates.

Western blot analysis. LEC were cultured on 10 cm?
plates and maintained for 3, 6, 12 and 24 h under 1%
pO, (hypoxia) or treated with TGFp at a final
concentration of 2 ng/ml for 24 h. To reoxygenate
LEC, the cells were cultured under hypoxia (1 % pO,)
for 24 h followed by a six hour period of normoxia
exposure (21 % pO2).

To obtain the extracellular protein extracts, LEC
supernatants were concentrated using Amicon Ultra-
15 5KDa concentration columns (Millipore, Massa-
chussetts, USA) at 3500 x g for 2 h. Total protein
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extracts were obtained by cell lysis on ice in a buffer
containing 1 % NP-40, 0.1 % SDS, 0.5% deoxycholic
acid, 2 mM sodium orthovanadate, 0.2 mM glycerol 2-
phosphate and protease inhibitors (Complete mini
EDTA-free; Roche, Indianapolis, USA) in PBS.
Protein content was measured using the BCA protein
assay kit from Pierce (Illinois, USA), 10 pg of each
sample being separated by electrophoresis in 12 %
denaturing polyacrylamide-SDS gels, and subsequent-
ly transferred to nitrocellulose membranes (Amer-
sham-Pharmacia). The membranes were blocked
afterwards by incubating them overnight in a solution
of 5% non-fat dry milk in PBS-T or with 5% BSA in
PBS-T for TGFBI determination. Primary antibody
incubation was performed for 1 h at room temper-
ature. The primary antibodies used were: anti-TGFf3
1:300, (MAB1835, R&D, Systems, Inc., Minneapolis,
USA), anti-TGFBRII 1:600 (AF-241-NA, R&D),
anti-phospho-SMAD 2/3 1:2000 (Chemicon Interna-
tional), all of them added in a solution of 5% non-fat
dry milk in PBS-T. Anti-SMAD 2/3 1:2000 (Cell
Signaling, Massachusetts, USA) and anti-TGFBI
1:2000 (Proteintech Group, Inc, Illinois, USA) were
both tested in a solution of 5% BSA in PBST. The
western blot membranes were washed three times
with PBST and incubated with HRP-conjugated anti-
mouse IgG (NA931V, GE Healthcare, Wisconsin,
USA) or HRP-conjugated anti-rabbit IgG (sc-2030,
Santa Cruz Biotechnology, California, USA) secon-
dary antibody in 5% non-fat dry milk in PBST or in
5% BSA in PBST for TGFBI. The membranes were
developed using the Lumi-light™ " Western Blotting
Kit (Roche Molecular Biochemicals, Mannheim,
Germany) and exposed to Amersham Hyperfilm
ECL (GE Healthcare).

Results

Lymphatic endothelial cells respond to hypoxia with
increased adhesion to the ECM. Interactions between
endothelium and extracellular matrix are of great
importance for the maintenance of vessel structure
and integrity. In an attempt to study the influence of
stress situations on the lymphatic endothelium, we
measured LEC adhesion to the extracellular matrix
proteins collagen I, collagen IV and fibronectin, under
three different conditions. First, LEC were grown in
normoxia (21 % PQO,), second, they were exposed to
hypoxia (1% PO,) and, third, LEC cells were grown
under hypoxia (1% PO,) for 24 h followed by a 6 h
period of normoxia (21% PO,). As is shown in
Figure 1, LEC responded to hypoxia by increasing
their adhesion to all the extracellular matrix proteins
tested. The increases observed in cell adhesion were
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approximately 1.6 fold over the adhesion found in
normoxia. The specificity of the hypoxia driven
reaction was demonstrated, since LEC adhesion to
the ECM returned to baseline levels when the cells
were reoxygenated.

[CINormoxia
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Hypoxia/Norm

I”f%@
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N 8 8 8
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Figure 1. LECresponded to hypoxia with an increased adhesion to
the ECM. To measure LEC adhesion to the ECM, endothelial cells
were trypsinized 24 h after being grown in normoxia (21 % pO,,
white columns), hypoxia (black columns, 1 % pO,), or grown under
hypoxia for 24 h and further reoxygenated for an additional 6 h
(lined columns). LEC cells were labeled by incorporation of
calcein, and allowed to adhere for 30 min onto collagen I, collagen
IV and fibronectin coated wells. The statistical comparisons
between cell adhesion in the different treatments were performed
using an ANOVA test, **P <0.005.

Integrins are the main receptors implicated in cell
adhesion to the extracellular matrix. In order to
determine which subtype of integrin may be involved
in LEC adhesion to the extracellular matrix, we used
specific monoclonal antibodies raised against several
integrin subunits to block LEC adhesion to collagens
and fibronectin. LEC adhesion to fibronectin was
blocked when cells were incubated in the presence of
antibodies to all integrins tested except for anti ITG-
a, and ITG-0,, which have never been described as
receptors for this extracellular matrix protein. The
degree of cell adhesion inhibition ranged from 35 to
42% with respect to basal cell adhesion levels
(Figure 2). When studying LEC adhesion to collagen
I and IV, we observed that it only depended on
integrin o, binding. We were not able to find any
significant difference in the degree of adhesion block-
age between normoxia and hypoxia exposed LEC; the
inhibition of cell adhesion was of about 35-42 % from
basal adhesion levels for all the integrins implicated.

Hypoxia did not increase integrin expression in LEC
but up-regulated the production of the adapter
molecule TGFBI. In order to fully discount the
alterations in integrin expression as being responsible
for the differences observed in LEC cell adhesion
under hypoxia, we analyzed, by flow cytometry, their
presence on the LEC surface 24 h after treatment. As
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Figure 2. LEC increased adhesion by hypoxia is not specifically
blocked by specific anti-integrin antibodies. In order to study the
involvement of the integrins a, oy, AV, By, B2, P, 0sPy, 0V and avPsin
LEC adhesion of ECM proteins, LEC adhesion experiments were
performed as mentioned in Figure 1 in the presence of anti-integrin
blocking antibodies (1 pg/ml). An irrelevant IgG was used as non-
specific antibody and BSA as non-specific substrate. Statistical
comparisons between cell adhesion between in the absence and in
the presence of each specific antibody in normoxia (white columns),
and hypoxia (black columns) is shown. Statistical analysis was
performed using an ANOVA test P < 0.005, significant differences in
cell binding as compared to cell adhesion in the absence of blocking
antibodies under normoxia (**) or hypoxia (##) exposed LEC.
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depicted in Figure 3, we could not detect any change in
the expression of any of the integrin tested by flow
cytometry. In fact, the integrin a,, which did not
render any specific binding in the adhesion blocking
experiments, was not expressed by LEC. Therefore,
since the increases observed in cell adhesion were not
due to an up-regulation of integrin expression on LEC
surface, we hypothesized that increased binding to the
ECM could be mediated by an integrin adaptor
protein.

To test this possibility, we reanalyzed our previously
published microarray analysis on LEC differential
gene expression under hypoxic conditions [10] to
search for ECM binding molecules other than integ-
rins. Among all of the differentially induced genes
analyzed, we detected TGFBI, an integrin-extracel-
lular matrix adaptor molecule, as a very reasonable
candidate, since it had been described as mediating
vascular cell adhesion [11] and it was the only integrin
adaptor protein over-expressed in hypoxia exposed
LEC.

Therefore, we checked whether there was an accu-
mulation of TGFBI protein in the supernatants of
LEC grown during 24 h under different conditions:
normoxia, hypoxia, or exposed to hypoxia and further
reoxygenated for an additional 6 h. As can be seen in
Figure 4, TGFBI protein accumulates in the super-
natant of LEC 24 h after hypoxia exposure but it
returned to basal levels when the cells were reoxy-
genated.

This result suggests that TGFBI might be involved in
LEC adhesion under low oxygen conditions.

TGFBI-induced expression by hypoxia in LEC is
mediated by TGFf secretion. The next step was to
determine whether TGFp was induced in LEC cells
exposed to hypoxia, and its possible role as activator of
TGFBI expression. As can be observed in Figure 5A,
TGFp accumulated in LEC extracellular media as
early as three hours after hypoxic exposure and was
detectable by western blot during the entire exper-
imental procedure. At the same time, we observed a
slight decrease in the amount of TGFp protein in the
cell supernatants 24 h after hypoxia exposure, prob-
ably due to TGFp binding to its receptor on the cell
surface. In fact, Figure 5B shows TGFBRII expression
is augmented throughout the experiment, confirming
that this was the case.

Once we determined that LEC secreted TGFf under
hypoxia, we then analyzed whether this cytokine was
functional in our cells. We therefore measured the
phosphorylation of SMAD 2/3 protein, a known
TGFp signal transducing molecule. We observed
that SMAD 2/3 was phosphorylated in hypoxia
exposed LEC, reaching a peak at 3 h that decreased
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Figure 3. Integrin expression on
the cell surface is not altered after
hypoxic exposure in LEC. The
expression levels of the integrins
(ITG) Ay, Oy, AV, |315 BZ’ 635 aSﬁla
avp; and avBs on LEC cell sur-
face was tested by flow cytometry
24 h after being grown in nor-
moxia or hypoxia. IgG was used
as isotype control.
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Figure 4. The integrin-extracellular matrix adaptor molecule
TGFBI accumulates in the supernatant of hypoxia exposed LEC.
Western blot detection of TGFBI in the extracellular media of LEC
grown for 24 h under normoxia (N), hypoxia (H) or hypoxia and
reoxygenation (H/N) for 6 h. One result representative of at least
three different experiments is shown. Silver staining of the
membranes was used as loading control.

back to basal levels at 12 h (Fig. SC). This diminution
in SMAD 2/3 phosphorylation could be a consequence
of a negative TGFf feedback regulatory mechanism,
as has recently been described [13].

TGFBI was initially described as TGFf inducible
protein [11]. In order to study whether TGFf was
inducing TGFBI secretion to the extracellular media,
LEC were incubated 24 h in the presence of increasing
amounts of TGFpB. As can be seen in Figure 6A,

TGFBI is induced by TGFp in a dose-dependent
manner, as previously described in other cell systems.
Next we studied the relationship between TGFf
secretion, SMAD 2/3 phosphorylation and TGFBI
production by LEC under hypoxia. We analyzed
TGFBI mRNA and protein expression in LEC super-
natants at different time intervals after exposure to
hypoxia or TGFp and compare them to the levels
found in normoxic conditions. We observed that, as
happened with TGFf, and SMAD2/3 activation,
TGFBImRNA and protein expression reached a peak
at 3 h after hypoxic exposure, and remained high
throughout the experiment (Fig. 6B and C).

Then, we wanted to ascertain whether blocking TGFf3
binding to its receptor could impede TGFBI secretion
under hypoxia. To achieve this, we incubated LEC
with a TGFf blocking peptide (P144,200 ug/ml) while
exposing them to hypoxia and analyzed TGFBI
expression and accumulation in the extracellular
media. Treatment with the TGFf blocking peptide
P144 abrogated both TGFBI mRNA synthesis and
protein secretion (Figs.6D and E). These results
demonstrate that TGFBI-induced expression by hy-
poxia is mediated by the presence of active TGFp.
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Figure 5. The TGFf pathway is activated in LEC exposed to low
oxygen conditions. A) Time course detection of TGFf} expression
by Western-blotting in the supernatants of hypoxia (H) and
normoxia (N) grown LEC. Silver staining of the membranes was
used as a loading control. B) Detection of TGFBRII expression in
total protein extracts from LEC exposed to hypoxia, (H), normoxia
(N). As control for protein load detection B-actin protein content
was detected. C) Expression and activation of P-SMAD 2/3 in
normoxia (N), TGFf treated (2 ng/ml) (), or hypoxia (H) exposed
cells analyzed by western blot. One result representative of at least
three different experiments is shown. The expression of SMAD 2/3
was used to ascertain total SMAD content.

LEC increased adhesion in hypoxia is dependent on
TGFf and TGFBI. To address the question of whether
TGFBI could mediate LEC adhesion to the ECM
under hypoxia, we performed the same adhesion
experiments as described in Figure 1, pre-incubating
LEC with either the TGFp inhibitor peptide P144 or
with a commercially available anti-TGFBI monoclo-
nal antibody. The results presented in Figure 7A, show
that both of them reduced cell adhesion back to the
levels detected under normoxic conditions, indicating
that TGFBI is implicated in hypoxia-induced cell
adhesion. Noteworthy is the fact that basal cell
adhesion was also reduced when anti-TGFBI anti-
bodies or P144 were used in normoxia, suggesting that
this protein could also be involved in cell adhesion
under physiological conditions.

To ascertain whether LEC adhesion was dependent on
the amount of TGFBI protein present in the ECM we

TGFBI function in lymphatic endothelium

performed LEC adhesion assays on 96-well plates
covered with different amounts of recombinant
TGFBI. As can be seen in Figure 7B, LEC adhered
to TGFBIin a dose-dependent manner: the higher the
concentration of TGFBI, the stronger adhesion,
except for the highest concentration of recombinant
protein (10 pg/ml), at which cell adhesion decreased
slightly. This could be due to an accumulation of pro-
apoptotic peptides derived from TGFBI proteolitic
fragments [27].

TGFBI facilitates LEC adhesion and migration
through the ECM by its interaction with f3; integrin.
Since it was first described, TGFBI has been associ-
ated not only with cell adhesion but also with cell
migration [28]. To test if TGFBI was also implicated in
LEC migration, we performed migration assays on
Boyden chambers covered with collagen I, IV or with
fibronectin. The results shown (Figs.7C and D)
confirmed that TGFBI facilitates LEC spontaneous
migration, since the use of an anti-TGFBI antibody
significantly reduced the number of migrated cells,
while this effect was not detected when using a non-
specific antibody.

Given that integrins are the only cellular receptors
described for TGFBI, we wanted to elucidate which
integrin subtype was mediating LEC binding to
TGFBI. To accomplish this, we measured LEC
adhesion to recombinant TGFBI (5 pg/ml) covered
plates in the presence of several anti-integrin blocking
antibodies. As shown in Figure 8 A, LEC adhesion to
TGFBI was inhibited only when blocking antibodies
to the avp; or B; integrins were used, demonstrating
that the 5 integrin receptor is important for LEC
binding to TGFBL

We finally wanted to test whether the same integrin
participated in TGFBI dependent LEC migration. We
therefore performed migration assays of LEC mono-
layers on TGFBI (5 pg/ml) or 3% BSA coated
Boyden chambers in the presence or absence of an
anti-f; integrin antibody. From the results presented
in Figure 8B and C, we inferred that LEC showed
significantly higher migration when the migration
assays were performed on TGFBI than BSA coated
Boyden Chambers. This migration was reduced in
both cases by anti-f; or anti-avf; integrin antibodies,
but the use of non-specific IgG did not block it. This
result demonstrates that LEC migration through
TGFBI protein is also mediated by its binding to the
[; integrin. Together, these data demonstrate for the
first time that the 3; integrin is the receptor of TGFBI
in LEC.
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Figure 6. TGFBI expression is
induced by hypoxia in LEC in a
TGFp dependent manner. A)
TGFp-induced accumulation of
TGFBI in the extracellular
media of LEC treated for 24 h
with different concentrations of
this cytokine, also measured by
western blotting. B) Real time
PCR analysis of TGFBI mRNA
expression in LEC grown under
normoxia (N, white columns),
hypoxia (H, black columns, 1%
pO,) or TGFf treated (T, grey
columns, 2 ng/ml) for different
time intervals, or grown for 24 h
under hypoxia and further reoxy-
genated for 6 h (H/N, lined col-
umns). C) Western blot analysis
of TGFBI expression in the su-
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Discussion

Chronic hypoxia takes place at the beginning of
pathogenic processes such as systemic sclerosis [14],
pulmonary hypertension and pulmonary vascular
remodeling [15]. It is also present in cancer develop-
ment, since tumor growth usually surpasses that of the
adjacent blood vessels leading to defective oxygen
supply in their surroundings [16]. Alterations in blood
endothelial cell function by hypoxia have been deeply
studied both in terms of cell physiology and gene
expression [17, 18]. In fact, it has been shown that
hypoxia increases endothelial cell stiffness and adhe-
sion to several ECM components [19]. But, while
there is abundant data on the response of blood
endothelial cells to hypoxia, the underlying mecha-
nisms governing lymphatic endothelial cell response

Silver
’ staining
H H+P144

to low oxygen conditions remain unclear. The study of
the lymphatic endothelium response under stress is
not trivial because this endothelium has been involved
in several pathological conditions in which ECM also
plays an important role, such as lymphedema, psor-
iasis, diabetes and cancer [20].

To shed light on this subject, we previously described
the transcriptional and functional response of LEC to
chronic hypoxia [10]. In that paper, we demonstrated
that, under low oxygen conditions, LEC augmented
their adhesion to collagen I and I'Vand fibronectin and
increased the expression of some genes related to
matrix composition such as fibronectin and TGFBI.
In the present work, we have gone a step further,
showing that LEC adhere to the collagen I and IV by
the integrin o, and to fibronectin by the integrins, a,,
B;. asP;, avf; and avps, similar to what happens in
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blood endothelium. We observed higher adhesion
rates after the endothelial cells had been exposed to
hypoxia. Surprisingly, we could not detect any in-
crease in the cell surface expression of any of the
integrins studied. Therefore we hypothesize that
another mechanism might be responsible of cell
adhesion in these circumstances.

Integrins can bind to the ECM through two different
mechanisms; either direct adhesion or through adap-
tor proteins. For example, recently a group of adaptor
proteins have been described, the CCN family of
proteins, that binds to both integrin and to the ECM
through two different structural domains [21]. The
fact that we did not find higher integrin expression
after hypoxia exposure leads us to suspect that this
second mechanism might contribute to the increases
observed in LEC binding to the ECM. In this work, we
described that TGFBI, an integrin adaptor molecule
[11] accumulates in the extracellular media of hypo-
xia-exposed LEC. TGFBI is an extracellular matrix
protein that is induced by transforming growth factor-
B in several cell types [22]. It seems to have many
different functions depending on the cell type in which
it is expressed, which varies from cell adhesion (the
main function described) to cell growth, differentia-

TGFBI function in lymphatic endothelium

Figure 7. LEC adhesion to the
ECM is abrogated by the use of a
TGFp inhibitory peptide or of an
anti-TGFBI antibody. A) LEC
adhesion to collagen I, IV and to
fibronectin was measured after
the cells had been grown for 24 h
under normoxia or hypoxia in the
absence or presence either of a
TGFp—blocking peptide (P144,
200 pg/ml) or of an anti-TGFBI
antibody (1 pg/ml). As negative
control, LEC adhesion experi-
ments were performed in the
presence of an irrelevant anti-
body (IgG). B) Dose-response
analysis of LEC adhesion to
increasing amounts of recombi-
nant TGFBIL. C) Quantification
of LEC transmigration through
collagen I, IV and, fibronectin
covered Boyden chambers in
presence or absence of an anti-
TGFBI (a-TGFBI) antibody. An
irrelevant IgG (a-IgG) was used
as control for non-specific block-
age. D) Crystal violet staining of
LEC cells migrated through
ECM coated Boyden chambers.
Comparisons between cell adhe-
sion were performed using an
ANOVA statistical test,
P <0.005.

Coll

tion and apoptosis [23, 24]. Moreover, TGFBI has
been involved in some vascular diseases such as
corneal dystrophy, atherosclerosis and in tumor angio-
genesis [25-27].

We demonstrate here that the increase observed in
TGFBI under hypoxia contributes to LEC cell
adhesion to the ECM. This result is further confirmed
by the fact that incubation of hypoxia exposed LEC
with an anti-TGFBI antibody returned LEC adhesion
to the levels obtained under normoxia.

According to the results obtained in other tissues,
TGFBI production by LEC was preceded by the
secretion of TGF[ and the activation of the SMAD 2/3
pathway. In fact, we demonstrated that the induction
of TGFBI depended on TGFp production, since
the use of a TGFf blocking peptide abrogated it.
TGFp induction under hypoxia has already been
described in blood endothelial cells, where it exerts
a relevant role in matrix deposition and cell adhesion
to the ECM [29]. It is well established that TGFp
signaling is related to vascular diseases such as
atherosclerosis, hypertension [30], and to inflamma-
tory diseases such as systemic sclerosis [31]. Interest-
ingly, there are several reports that illustrate the
association of inflammatory diseases, such as psoriatic
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Figure 8. TGFBI mediates LEC
adhesion and migration through
its interaction with the f3; integ-
rin. A) Cell adhesion to recombi-
nant TGFBI (5 pg/ml) was as-
sayed in the presence of anti- o,
av, By, Ps, avP; or avps integrin
(a-ITG) blocking antibodies
(1 pg/ml). BSA was used as con-
trol for basal cell adhesion to
ECM and an irrelevant IgG as
non-specific antibody. B) To
study the implication of the f3;
integrins in TGFBI mediated
LEC migration, Boyden cham-
bers were coated with recombi-
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lesions [32] and rheumatoid arthritis [33] with lym-
phatic dysfunction, providing a possible functional
link between altered TGFf} expression and lymphatic
disorders. Even more, a report published while this
paper was being evaluated shows how this cytokine
regulates the formation of lymphatic vessels during
embryonic development, tumor growth and in chronic
inflammation, which highlights the importance of
the study of TGFf mediated responses in this system
[45].

TGFBIisinvolved in cell adhesion through its binding
to the integrins on the cell surface. This binding occurs
through an RGD region of TGFBI located in its C-
terminus. There are several integrins that can bind
TGFBI. Depending on the cell type, the integrin
involved in cell adhesion and the intracellular signal-
ing pathways triggered within the cell differs [11]. For
example, TGFBI mediated binding of vascular
smooth muscle cells to the ECM occurs through the
a,ps integrin and leads to Akt, Erk and FAK
phosphorylation [34]. At the same time it has been
described that TGFBI binding to the ECM occurs
through the o;f; integrin in keratinocytes and human
corneal epithelial cells [35, 36]. Besides, it is the
interaction of TGFBI with o35 that elicits a migratory

nant TGFBI or BSA and LEC
transmigration was allowed to
occur for 12 h in the presence or
in the absence of an anti-integrin
(a-ITG) B; or anti-integrin avf;
blocking antibodies. Control IgG
was used as control for non-
specific inhibition (all at 5ng/
ml). C) Crystal violet staining of
LEC cells migrated through Boy-
den chambers. Comparisons be-
tween cell adhesion were per-
formed using an ANOVA statis-
tical test, **P < 0.005.

o-ITGavp3
TGFBI + IgG

response on HUVEC cells [37]. In the present work,
we show that TGFBI dependent LEC adhesion and
migration through the ECM is due to LEC binding to
recombinant TGFBI protein through the f3; integrin
subunit.

The P integrin is not a direct receptor for collagen I
and IV, but since TGFBI acts as a f3; integrin adaptor
protein that binds to different matrix proteins through
its RGD domain, it makes possible for the integrins to
indirectly bind to ECM proteins that are not their
direct ligands.

Since f; integrin mediates hypoxia-induced LEC
adhesion through its binding to TGFBI, the use of
monoclonal blocking antibodies should have abolish-
ed the augment in LEC adhesion to the ECM
observed after hypoxia. This was not the case in our
hands. We presume that it might be due to the rapid
TGFBI binding to its integrin receptor after being
secreted, in such a way that TGFBI mediated adhe-
sion cannot be abolished once they are bound. One
possible experiment that will clarify this point is to
perform LEC adhesion experiments after the cells
have been exposed to hypoxia in the presence of anti-
[3-blocking antibodies during the entire incubation
period.
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Finally, it has been described that chronic hypoxia
leads to vascular alterations [38, 39]. In fact, a recently
published report has shown that hypoxia/re-oxygen-
ation induce endothelial cell permeability through
PI3K-dependent dispersion of adherents junctions
[40]. Interestingly, Ma et al. [41] have published that
TGFBI over-expression by colon carcinoma cells
leads to higher endothelial cell permeability by
disruption of VE-cadherin in the adjacent endothe-
lium through its binding to their avfs integrins and the
subsequent activation of the src kinase activity. But
this does not seem to be the case in our system. Firstly,
because we observed increased lymphatic endothelial
cell adhesion after hypoxia exposure, and, secondly,
because LEC binding to TGFBI under hypoxia is not
mediated by the avf}s integrin but by avf;. In fact, it
has been published that PI3K/Akt signaling through
the avf; integrin in blood endothelial is inhibited by
the avps mediated activation of src kinase activity
[42]. These results show again the heterogeneity
between blood and lymphatic endothelial cells in
terms of receptor expression and response to stress
stimuli [43, 44]. It would be of great interest to
discriminate which kinase activity is activated after
TGFBI binding to hypoxia exposed LEC.

In summary, in this paper we have demonstrated that
TGEFBI protein is expressed by LEC under hypoxia in
a TGFB-dependent way. This protein participates in
LEC adhesion and migration through its interaction
with the 3 integrin.

The study of the molecular pathways involved in the
LEC-ECM relationship offers new data in the growing
field of lymphatic research. This knowledge should
contribute to the design of therapies for lymphatic
related diseases.
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