
VASCULAR BIOLOGY

Matrix metalloproteinase-2 governs lymphatic vessel formation as an interstitial
collagenase
*Benoit Detry,1 *Charlotte Erpicum,1 *Jenny Paupert,1 Silvia Blacher,1 Catherine Maillard,1 Françoise Bruyère,2

Hélène Pendeville,3 Thibault Remacle,1 Vincent Lambert,1-4 Cédric Balsat,1 Sandra Ormenese,5 Françoise Lamaye,6

Els Janssens,7 Lieve Moons,7 Didier Cataldo,1 Frédéric Kridelka,8 Peter Carmeliet,2 Marc Thiry,6 Jean-Michel Foidart,1

Ingrid Struman,3 and Agnès Noel1

1Laboratory of Tumor and Development Biology, Groupe Interdisciplinaire de Génoprotéomique Appliqué-Recherche (GIGA-Cancer), University of Liège, Liège,
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Lymphatic dysfunctions are associated
with several human diseases, including
lymphedema and metastatic spread of
cancer. Although it is well recognized that
lymphatic capillaries attach directly to
interstitial matrix mainly composed of
fibrillar type I collagen, the interactions
occurring between lymphatics and their
surrounding matrix have been overlooked.
In this study, we demonstrate how matrix
metalloproteinase (MMP)–2 drives lym-
phatic morphogenesis through Mmp2-
gene ablation in mice, mmp2 knockdown

in zebrafish and in 3D-culture systems,
and through MMP2 inhibition. In all mod-
els used in vivo (3 murine models and
thoracic duct development in zebrafish) and
in vitro (lymphatic ring and spheroid as-
says), MMP2 blockage or down-regulation
leads to reduced lymphangiogenesis or
altered vessel branching. Our data show
that lymphatic endothelial cell (LEC) mi-
gration through collagen fibers is af-
fected by physical matrix constraints
(matrix composition, density, and cross-
linking). Transmission electron micros-

copy and confocal reflection microscopy
using DQ-collagen highlight the contribu-
tion of MMP2 to mesenchymal-like migra-
tion of LECs associated with collagen
fiber remodeling. Our findings provide
new mechanistic insight into how LECs
negotiate an interstitial type I collagen
barrier and reveal an unexpected MMP2-
driven collagenolytic pathway for lym-
phatic vessel formation and morphogen-
esis. (Blood. 2012;119(21):5048-5056)

Introduction

Lymphatic vessels are essential for body fluid balance and immuno-
logic surveillance. Several pathologies manifest abnormal lym-
phatic vessel growth (lymphangiogenesis), either excessive (inflam-
matory diseases, tumor metastases, cornea-graft rejection) or
defective (lymphedema).1-3 Our understanding of the molecular
mechanisms underlying lymphangiogenesis is still in its infancy.
Although several key molecular determinants (vascular endothelial
growth factor [VEGF]-C/D, VEGF receptor-3, angiopoietin, eph-
rins, integrins, etc) have been identified,2,4-7 the importance of
cell-matrix interactions during the lymphangiogenic process is not
well documented.

One of the features that discriminates lymphatic capillaries
from blood capillaries is the kind of extracellular matrix (ECM) to
which each vessel type is exposed in its natural environment. Blood
vascular endothelium is in direct contact with basement membrane
components (laminin, type IV collagen),8 whereas the basal lamina
is largely absent in lymphatic capillaries. Lymphatic endothelial
cells (LECs) interact intimately with the adjacent interstitial matrix
and attach to it through anchorage filaments.9,10 Therefore, LECs
sprouting from preexisting vessels and their migration through the

ECM require that they be able to negotiate an interstitial collagen
barrier mainly composed of fibrillar type I collagen. Recently,
evidence has accumulated demonstrating that integrins, by promot-
ing cell-matrix interaction, influence normal lymphatic function
and lymphangiogenesis.5,10,11 How LECs deal with fibrillar colla-
gens to migrate and form new lymphatics has not yet been
documented. Migration across the ECM is mainly protease-
dependent,12 although it has been reported that some cells, such as
cancer cells, could squeeze through fibrillar collagen by adopting
an ameboid phenotype in a protease-independent way.13

Matrix metalloproteinases (MMPs) are key regulators of matrix
remodeling.14 Although their important role in angiogenesis is now
established, their contribution during lymphangiogenesis has re-
ceived limited attention. Among MMPs, MMP2, and MMP9 are
produced by LECs15,16 and synthetic MMP inhibitors inhibited
LEC tube formation.16 MMP2 function has long been limited to
basement membrane degradation through its capacity to cleave
type IV collagen. In this context, our previous discovery that
MMP2 but not MMP9 deficiency impaired in vitro LECs sprouting
from the thoracic duct (TD)15 was unexpected and highlighted a
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key MMP role in lymphangiogenesis, rather than the initially
described minor role.10 However, how MMP2 regulates lymphan-
giogenesis remains an intriguing enigma. In addition to ECM
components, numerous substrates were identified (primarily in
vitro) for MMP2, such as growth factors (TGF�, FGF receptor-1,
pro-TNF, IL-1�), chemokines, and angiogenic inhibitors (connec-
tive tissue growth factor,17 pleiotrophin; for review, see Bauvois,18

Cauwe19 and Kessenbrock14).
In this study, we explored MMP2 mechanisms of action in

lymphangiogenesis using different in vitro and in vivo models. We
provide evidence that MMP2 contributes to the elaboration of
lymphatic vessels under physiologic and pathologic conditions, by
acting as an interstitial collagenase, easing cell passage through
physical barriers and controlling vessel branching. These findings
plead for a reevaluation of the MMP2 contribution to interstitial
tissue remodeling and highlight MMP2 participation in
lymphangiogenesis.

Methods

Zebrafish

Transgenic Fli1:eGFPy and Stab1:YFP zebrafish (Danio rerio) lines were
maintained in the GIGA-Zebrafish Facility (University of Liège, Belgium).
Stab1:YFP transgenic line was provided by Pr. Schulte-Merker (Hubrecht
Institute, Utrecht, The Netherlands) and Fli1:eGFPy were from ZIRC
(Oregon University). One-cell stage embryos were injected with morpho-
lino oligonucleotides (MO; 0.5 ng/embryo) targeting mmp2 (MOmmp2;
5�-GGGAGCTTAGTAAACACAAACCTGT-3�), or a standard control MO
(MOctl) designed by Gene Tools. MOctl or MOmmp2 was injected into
transgenic Fli1:eGFPy zebrafish (n � 169 and n � 149) or Stab1:YFP
zebrafish (n � 124 and n � 143) in the presence of 0.5% Rhodamine
dextran to check injection efficiency. To visualize the TD, embryos were
anesthetized with tricaine (Sigma-Aldrich), mounted in 3% methyl cellu-
lose and observed under an Eclipse 90i fluorescence microscope (Nikon).

For whole-mount in situ hybridization carried out according to Thisse
et al,20 embryos were fixed overnight in 4% paraformaldehyde and stored in
100% methanol at �20°C. Antisense digoxigenin-labeled RNA probes
were synthesized according to the manufacturer’s instructions (Roche
Applied Science). The following primers were used for polymerase chain
reaction (PCR)–amplification: sense: 5�-TTCTTGCTTCCCTGCAAACT-3�
and antisense: 5�-GCTCCTGGATGCCTTTAACA-3�. For sectioning, em-
bryos were embedded in a mixture of 0.5% gelatin, 30% BSA, and
20% sucrose dissolved in PBS. Polymerization was achieved using
25% glutaraldehyde. Sections were made on a Campden Instruments
vibratome and visualized under a BX60 microscope (Olympus).

Transgenic mice

Homozygous Mmp2-deficient mice (Mmp2 KO) and their corresponding
wild-type (WT) strain of either sex were used throughout the study.21 More
than 10 backcrosses to C57BL/6 background were done before analysis.
Animal experiments were performed in compliance with the Animal Ethics
Committee of the University of Liège.

Corneal lymphangiogenesis assay

Corneal lymphangiogenesis was induced by thermal cauterization with an
ophthalmic cautery (Optemp II V; Alcon Surgical) as previously described.22

Seven or 14 days later, mice were killed and the eyes were removed and
dissected. Whole-mounted corneas (n � 10) were immunostained with
polyclonal goat anti–mouse lymphatic vessel endothelial receptor-1
(LYVE-1; 1/200; R&D Systems) and Alexa Fluor 488–coupled rabbit
anti–goat antibody (1/200; Molecular Probes). A previously described
computerized method23 was used to quantify the lymphangiogenic response
by determining the area covered by lymphatics (vessel), the number of

vessels (end point), the number of bifurcations (branching), and the total
vessel length (length). All results normalized to the total cornea area were
expressed as densities.

For reverse transcription (RT)–PCR analysis, frozen tissues were
pulverized (MagNA Lyser; Roche) and total RNA was extracted with a kit
(RNeasy; QIAGEN), according to the manufacturer’s protocol. Mmp2
mRNA and 28S rRNA were amplified with a 10-ng aliquot of total RNA
using an amplification kit (GeneAmp Thermostable rTth Reverse Transcrip-
tase RNA PCR Kit; Roche) and the following primers (Eurogentec): sense:
5�-GTTCACCCACTAATAGGGAACGTGA-3� and antisense: 5�-GGATTC-
TGACTTAGAGGCCTTCAGT-3� for 28S; sense: 5�-GCTGGTCAGTG-
GCTTGGGGTA-3� and antisense: 5�-AGATCTTCTTCTTCAAGGACCG-
GTT-3� for Mmp2. Reverse transcription was performed at 70°C for
15 minutes followed by RNA–DNA heteroduplex denaturation at 94°C.
Amplification (18 cycles for 28S and 30 cycles for Mmp2) started by a
15-second cycle at 94°C, 20 seconds at 68°C, and 10 seconds at 72°C.
RT-PCR products were resolved in 10% acrylamide gels after staining with
Gel Star (Cambrex). The expected sizes of RT-PCR products were 212 bp
for 28S and 225 bp for Mmp2.

Tail and ear whole-mount preparations

Mice (n � 5) were killed and tail or ear dermal sheets were prepared as
previously described24 before immunolabeling conducted as described for
corneas, and whole-mounted. For ear lymphatic vessels, computerized
image-analysis method was used to determine 4 different parameters:
vessel, length, end point, and branching densities.23 For tail, image
processing of lymphatic vasculature included: noise elimination by low
pass filter in original stacked images and image binarization using
automatic threshold (Matlab 7.9; The Mathworks). For each binary image,
skeleton was determined and branching points as well as lymphatic rings
were identified. The following measurements were performed: the length of
skeleton by unit of vessel area, the number of branchings by unity of vessel
area, and the mean area of rings. For both tail and ear preparations, at least
5 images were quantified per condition (n � 5 mice) and all parameters
were normalized to the total sample area (densities).

Lymphatic ring assay

3-D lymphatic ring cultures were performed as previously described.15

Briefly, TD dissected from mice (2-4 months old) were cut into 1-mm
pieces. In standard assays, the explants were embedded in interstitial type
I collagen gel (pepsinized collagen; 1.5 mg/mL) and cultured for 7 to
11 days, in MCDB131 (Invitrogen) supplemented with 4% Ultroser
G (BioSepra). When indicated, lymphatic rings were embedded in native
collagen. In some assays, increasing doses of rmMMP2 (R&D Systems)
were added to culture medium. To avoid MMP2 interference from Ultroser,
MMP2 depletion was achieved through Ultroser incubations with gelatin–
Sepharose-4B (GE Healthcare). Computerized quantifications were per-
formed on binary images as previously described.15 A grid of concentric
rings was generated by successive increments at fixed intervals of
TD boundary. Then, the number of microvessel-grid intersections was
counted and plotted versus the distance from the ring to determine
microvessel distribution. At least 5 images per experimental condition were
used. To determine significant differences between experimental condi-
tions, values obtained at 0.25 mm, 0.5 mm, or 0.75 mm from the ring were
compared with Student t test.

LEC culture, collagen-gel preparation, and spheroid assay

Human telomerase-transfected dermal LECs (HTERT-HDLECs)25 were
grown in EGM2-MV medium (Lonza; Invitrogen) supplemented with
5% FCS and L-glutamine (Invitrogen). VEGFR3 expression was checked
by RT-PCR. Tissue inhibitor of metalloproteinase-2 (TIMP2) was purified
from Chinese hamster ovary cells expressing TIMP2.26 Specific MMP2
inhibitor was purchased from Calbiochem and siRNA from ThermoScien-
tific. LEC were transfected with siRNA through calcium–phosphate
precipitation and MMP2 knockdown efficiency was determined by
RT-PCR. For LEC cultures in 3D collagen matrix, 2 collagen preparations
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were used: pepsin-extracted type I collagen (pepsinized collagen; Collagen
R, Serva Electrophoresis), and telopeptide-intact collagen (native collagen)
extracted from rat tail tendons.27

To generate multicellular spheroids, HTERT-HDLECs cells25 were
seeded in endothelial basal medium (EBM)–2 medium containing 0.24%
high viscosity methyl cellulose (Sigma-Aldrich; 2 � 103 cells per well).28

After 24 hours of culture, the spheroids were collected, embedded in
collagen gels and maintained at 37°C, for 24 hours, in 5% FCS supple-
mented medium for standard cultures or MMP2-depleted serum for siRNA
transfection. Computer-assisted quantification adapted from the lymphatic
ring assay15 was used to determine cell migration, which is expressed as cell
density plotted versus the distance from spheroid.

For time-lapse imaging, spheroids were incorporated into dequenched
(DQ) FITC collagen (Invitrogen) lattices (1 �L/200 �L of native collagen).
Serial time-lapse images were acquired at 3-minute intervals with an
inverted confocal laser-scanning microscope (Olympus FV1000) using
488- and 561-nm lasers. Cell morphology was monitored by transmission
using the 561-nm laser and collagen cleavage by FITC fluorescence after
excitation at 488 nm. Intracellular collagen fragments were detected by cell
membrane labeling with PKH26 red fluorescent cell linker (Sigma-
Aldrich). For the visualization of collagen-fiber remodeling by reflection,
samples were illuminated with a 488-nm laser and the reflected light was
detected in a photomultiplier 1 (with a spectral detector window at
470-503 nm) after being reflected by a 510-nm short-pass filter.

Lymphangioma

Lymphangioma or lymphatic endothelial hyperplasia was induced by
2 intraperitoneal injections of incomplete Freund adjuvant with a 15-day
interval.29,30 For ethical reasons, buprenorphine (0.05 mg/kg) was injected
1 hour before and after adjuvant injections, and every 12 hour during the
first 5 days after injection. After 4 weeks, the diaphragms were harvested
and used for transmission electron microscopy (TEM).

TEM

Samples were washed in Sörensen buffer, fixed with 2.5% glutaraldehyde in
a 0.1-mol/L Sörensen phosphate buffer (pH 7.4), and postfixed with
1% osmium tetroxide.22 Ultrathin sections of samples embedded in Epon
were contrast-stained with uranyl acetate and lead citrate.22 Observations
were made with a Jeol 100 CX II TEM at 60 kV.

Results

Mmp2 deficiency affects lymphatic vessel development under
physiologic conditions

To explore the impact of Mmp2 ablation on the establishment of
normal lymphatic vasculature in mice, we first examined the tail
dermal lymphatic network that forms during the first postnatal
week. Mature superficial dermal lymphatic vessels have a honey-
comb profile, consisting of a hexagonal lattice of capillaries
containing the so-called lymphatic ring complex (LRC) at each
junction.31 On postnatal day 1 or 2, only a few single-ringed LRCs
were observed. During lymphatic development, LRC complexity
increases through a sprouting process, leading to the formation of
multiringed structures finally containing 4 to 6 rings. Original
computer-assisted methods were set up to analyze LRC complexity
in whole-mounted tail skin of Mmp2-deficient and WT mice (on
postnatal days 5 and 11; Figure 1A-B). On day 5, Mmp2-gene
knockout (KO) significantly affected ring development, leading to
increased ring area (Figure 1C). The computerized evaluation of
vessel skeleton (Figure 1D) revealed increased vessel density and
vessel branchings (Figure 1E). Altogether these data highlight a
more branched and complex network of lymphatic vessels in the
absence of Mmp2 during development. At day 11, all parameters

measured were similar in both genotypes suggesting a transient
impact of Mmp2 gene ablation on lymphatic vasculature (Figure
1C-E). When we examined lymphatic vasculature in the ear of
adult mice, no differences in terms of vasculature density and
branchings were observed between the 2 genotypes (data not
shown).

The zebrafish was next used as a developmental system (Figure
2). The zebrafish mmp2 homologue shares � 80% identity with its
human counterpart (MMP2) and is expressed as early as the 1-cell
stage.32 Its expression in areas of blood and lymphatic vessel
formation was checked by in situ hybridization (Figure 2A). In
zebrafish, the TD is located between the dorsal aorta and the
posterior cardinal vein. Its development starts around 30 to
50 hours after fertilization and is finalized at 3 to 6 days postfertil-
ization (dpf).33 Mmp2 expression was knocked down by injecting
morpholinos (MOmmp2) into 1-cell stage Fli1:eGFPy embryos
(morphant embryos). Different morpholino concentrations were
tested to determine submaximal doses that did not affect morphant

Figure 1. Mmp2 deficiency affects early tail dermal lymphangiogenesis.
(A) Dermal lymphatic vasculature is visualized in Mmp2-deficient mice (Mmp2 KO)
and WT mice by whole-mount LYVE-1 immunohistochemistry on postnatal days
5 and 11. LRC forming in the honeycomb network is delineated on original pictures
(white arrow; A) and outlined in red through a computerized method (B). Images in
panels A and B are representative of at least 40 images (n � 5). (C) Mean ring-area
was determined with a computerized method as described in “Tail and ear whole-
mount preparations.” The densities of vessel skeleton (delineated in red) and
intersections (yellow points; D) were determined by a computer-assisted method
(E). Results are expressed as percentage of control. Error bars indicate SEM. Bars
represent 200 �m in each panel. Tissues stained with Alexa Fluor 488 (Molecular
Probes) were used mounted in Vectashield mounting medium (Vector Laboratories)
and excited using a multi-Argon laser. Panels are Z-stack average projections of
Z-series pictures that were acquired at room temperature, on a TCS SP2 confocal
microscope (Leica Microsystems) with a 2 �m step size using Leica Confocal
2.5 acquisition software (Leica) and a 10� NA 0.3 HC PL FLUOTAR lens (Leica).
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embryo morphology (ie, normal body size, trunk circulation,
without retarded development, tissue malformation, or toxic sign).
RT-PCR analysis demonstrated that the chosen dose (0.5 ng)
affected mmp2 mRNA expression but not embryo morphology.
After control morpholino (MOctl) injection, the TD developed as a
continuous vessel by 5 dpf (Figure 2B). In contrast, MOmmp2
injection caused dramatic lymphangiogenesis defects (Figure 2B).
The percentages of embryos with severe (no vessel, lymphatic
abrogation), drastic (5%-25% of normal TD length), moderate
(25%-90% normal TD length), or no (100% normal TD length)
lymphatic vessel defects were determined. At 5 dpf, the TD failed
to form in 62% of morphant embryos and exceeded its normal
length by 5%-25% in 28% of 149 embryos (Figure 2C). In sharp
contrast, � 90% of 169 embryos injected with a control MOctl had
normal length TD (Figure 2C). To easily observe embryonic
lymphangiogenesis, we took advantage of Stab1:YFP zebrafish
expressing the reporter gene only in venous endothelial cells and
LECs. Similar results were obtained with Stab1:YFP zebrafish,
with 79% of 143 morphants completely lacking a TD by 5 dpf
(Figure 2D). At 7 dpf, morphants suffered severe edema and all of
them died by 9 dpf, reflecting an irreversible phenotype and the
absence of compensatory mechanisms to reverse the lymphatic
defect induced by mmp2 knockdown. At 0.5-ng MO dose used, no

major blood vessel defect was seen in morphants, demonstrating
that the lymphatic defect did not result from defective angiogenesis.

Mmp2 deficiency in mice affects pathologic
lymphangiogenesis

In a corneal lymphangiogenesis model induced by thermal cauter-
ization, RT-PCR analysis revealed baseline Mmp2 mRNA expres-
sion under physiologic conditions (day 0) and up-regulated expres-
sion at day 7 (P � .05) and 14 after cauterization (P � .001; Figure
3A). The day 7 lymphatic vascular structure was evaluated on flat
mounted corneas after immunolabeling with an anti–LYVE-1
antibody (Figure 3B). It was first globally analyzed using a
computerized method, by determining vessel distribution at a
distance from the corneal limbus from which they emerged (Figure
3C), and by measuring total vessel-area density (Figure 3D) and
total vessel-length density (Figure 3E). Vessel growth was signifi-
cantly more abundant in the absence of Mmp2. To assess vascular
network complexity, vessel end points (number of vessels; Figure
3F), and vessel branchings (Figure 3G) were counted. Mmp2
deficiency affected both parameters, but not the maximal distance
separating the original limbus and the tips of neoformed lymphatics
(Lmax; Figure 3H). These observations indicate increased complexity
of the lymphatic vasculature in Mmp2-deficient mice (Figure 3B).

We next examined the neoformation of corneal lymphatic
vessels by TEM (Figure 4A-F). The normal intact cornea is
composed of lamellae of parallel collagenous bundles which cross
at an angle to each other.22 After cauterization, migrating LECs
contained intracellular vesicles, extruded long processes probing
the environment and progressively became aligned to form a cord
(Figure 4A). In Mmp2-deficient mice, sections of neoformed
lymphatics with parallel lumens were frequently seen (Figure 4B)
and might reflect dichotomous branching of lymphatics. Collagen-
fibril density also differed markedly between genotypes (Figure
4A-F). In WT mice, gaps were often seen between neighboring
cells and extensive matrix remodeling and degradation were
observed (Figure 4A,C,E). In sharp contrast, the meshwork of
collagen fibrils remained much denser around LECs migrating in
Mmp2-deficient mice (Figure 4B,D,F).

Lymphangioma formation was used as another in vivo model of
MMP2-driven lymphangiogenesis (Figure 4G-J). In this system,
LEC hyperplasia was induced by intraperitoneal incomplete Freund
adjuvant injection leading to white lymphangioma masses appear-
ing on the diaphragm surface. As previously described, lymphan-
gioma development was reduced in Mmp2 KO mice.15 TEM
analysis of lymphangioma largely confirmed the increased matrix
remodeling seen in the cornea of WT mice (Figure 4E-F) where
LECs were surrounded by processed matrix (Figure 4G), whereas
intact collagen fibers were observed at the LEC-matrix interface in
Mmp2-deficient mice (Figure 4H). Notably forking of lymphatic
vessels was observed when migrating LECs abutted dense collagen
matrix (Figure 4I-J).

Altogether these in vivo observations demonstrate that Mmp2
deficiency in mice or down-regulation in zebrafish results in
reduced vessel formation or altered vessel branching. They prompted
us to postulate that lymphatic morphogenesis is driven by the
physical constraints imposed by the ECM. Our working hypothesis
is that LECs might adopt different phenotypes according to the
extent of matrix remodeling: (1) A stationary phenotype in dense
matrix. (2) A branching phenotype in case of local matrix deposi-
tion. (3) A mesenchymal-like migratory phenotype in case of
controlled matrix degradation (Figure 5).

Figure 2. Mmp2 knockdown impairs TD formation in zebrafish. (A) Mmp2 mRNA
expression (purple staining) analyzed by whole-mount in situ hybrization in 3 days
postfertilization (dpf) zebrafish embryos. Mmp2 mRNA expression is visualized
between the 2 myotomes (My), around the neural tube (NT), and below the notochord
(NO) where the TD is under formation (circle), in the space between the dorsal aorta
(DA) and the posterior-cardinal vein (PCV). YS indicates yolk sac. (B) One-cell
transgenic Fli1:eGFPy and Stab1:YFP zebrafish embryos were injected with control
(MOctl) or anti-mmp2 (MOmmp2) morpholino oligonucleotides. In 5 dpf control
Fli1:eGFPy (top left picture), the TD (white arrow heads) is visible between the DA and
the PCV. In control Stab1:YFP zebrafish (bottom left picture), the TD (white arrow
heads) is seen above the PCV. Morphant embryos have TD defects (right).
(C-D) Quantification of the defective TD formation at 5 dpf. The percentages of
embryos with severe (no vessel, 0), drastic (5%-25% of normal TD length), moderate
(25%-90% normal TD length), and no (100% normal TD length) lymphatic defects
were determined for both transgenic lines after injection of control or anti-mmp2
(MOmmp2) morpholinos. Bars represent 50 �m (A) and 100 �m (B). In panel
A, tissue was used mounted in 3% methyl cellulose and images were captured at
room temperature with BX60 microscope (Olympus) coupled to DP70 digital camera
(Olympus), using acquisition software CellA 3.3 (Olympus Soft Imaging Solutions)
and a 40� NA 0.75 VPlan FI lens (Olympus). In panel B, green fluorescent protein or
yellow fluorescent protein expressing tissues were used mounted in 3% methyl
cellulose and observed immediately under an Eclipse 90i fluorescent microscope
(Nikon Instruments). Images were captured at room temperature, with DXM1200C
Digital Camera (Nikon Instruments), with acquisition software NIS-Elements
3.00 (Nikon Laboratory Imaging) and a 20� NA 0.5 DIC M/N2 lens (Nikon). Pictures
were converted to black and white using Photoshop CS4 software (Adobe Systems).
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MMP2 drives in vitro LEC migration through collagen matrix

The direct contribution of MMP2 in LEC sprouting and migration
into collagen matrix was evaluated by adding recombinant mouse
MMP2 (rmMMP2) in the lymphatic ring assay. Lymphatic network
development was stimulated when lymphatic rings embedded in a
type I collagen gel were cultured with 50 ng/mL rmMMP2
(P � .05; Figure 6A). In this assay, the lymphangiogenic response
was small when using TD rings derived from Mmp2-deficient mice
(WT vs Mmp2 KO: P � .05) and rescued by rmMMP2 administra-
tion (Mmp2 KO vs Mmp2 KO 	 rmMMP2: P � .05; Figure 6B).

To evaluate the role of the matrix composition and the physical
resistance exerted by it against migrating cells, different matrices
were used. (1) A reconstituted basement membrane (matrigel).
(2) Pepsin-extracted type I collagen that does not contain the
nonhelical telopeptides at the N and C-termini (pepsinized colla-
gen). (3) Intact telopeptide-containing collagen (intact collagen).
Because collagen telopeptides support the intermolecular covalent
cross-links that stabilize gel architecture, their presence might

affect LEC migration through the matrix as shown for tumor
cells.12 More LEC sprouting occurred in pepsinized collagen than
native collagen (Figure 6C). In contrast, matrigel did not abet any
LEC sprouting (data not shown). Intriguingly, the intact collagen
concentration influenced LEC migration with a bell-shaped curve
revealing optimal LEC migration at 2 mg/mL and impaired migra-
tion at lower (1.5 mg/mL) or higher (3 mg/mL) concentrations
(Figure 6D). These findings clearly demonstrate the importance of
LEC–matrix interactions in the lymphangiogenic process.

To further explore LECs migration within a 3-D matrix, we took
advantage of a LEC spheroid assay that allows a time-lapse study
to determine how cells move and interact with collagen fibers under
confocal microscope. The suitability of this model was assessed by
the impaired LEC migration observed through MMP2 inhibition
with physiologic and synthetic inhibitors (supplemental Figure
1A-B, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article), as well as through
siRNA-mediated MMP2 down-regulation (supplemental Figure

Figure 3. Mmp2 deficiency affects corneal lymphangiogenesis induced by thermal cauterization. (A) RT-PCR analysis of Mmp2 expression in the cornea in baseline
(D0) and at 7 or 14 days after cornea cauterization. The graph depicts the densitometric quantification of Mmp2 mRNA normalized to the 28S signal. MW corresponds to
molecular weight. (B) Lymphatic vessels were identified by LYVE-1 immunolabeling on whole-mount cornea issued from Mmp2-deficient mice (Mmp2 KO) and WT mice. Left
column: low-magnification images of the entire area (bars, 1 mm); middle column: higher magnification of the left-panel inserts (bars, 200 �m); Right column: highest
magnification showing the tip of lymphatic buds (bars, 20 �m). (C-H) Computer-assisted quantification of lymphangiogenesis according to Blacher et al.23 (C) Global analysis of
lymphatic vessel distribution around the initial limbal vessel. (D-G) Additional parameters characterizing the vasculature were normalized to the total area of the cornea
(density): area covered by neoformed vessels (vessel area density, D); total length of the vessels (vessel length density, E); number of vessels (end point density, F); number of
bifurcations (branching density, G). (H) Results expressed as percentages of the control value reveal that Mmp2 deficiency affected all parameters characterizing vasculature
complexity, but not the maximal capillary length (Lmax). In panel B, left and middle columns, tissues stained with Alexa Fluor 488 (Molecular Probes) were used mounted in
Vectashield mounting medium (Vector Laboratories), and images were captured at room temperature with AH3-RFCA fluorescent microscope (Olympus) coupled to
DP72 digital camera (Olympus), using CellA 3.3 acquisition software (Olympus Soft Imaging Solutions) and a 4� NA 0.16 SPlan Apo lens (Olympus). Whole-mount pictures
were assembled from 6 to 9 pictures with Photoshop CS4 software (Adobe Systems). In panel B, right column, tissues stained with Alexa Fluor 488 (Molecular Probes) were
used mounted in Vectashield mounting medium (Vector Laboratories) and excited using a multi-Argon laser. Panels are Z-stack average projections of Z-series pictures that
were acquired at room temperature, on a TCS SP2 confocal microscope (Leica Microsystems) with a 2 �m step size using Leica Confocal 2.5 acquisition software (Leica) and
a 20� NA 0.4 N Plan L lens (Leica).
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1C). Cell migration was partially rescued by adding rmMMP2
protein after siRNA treatment, further confirming the MMP2
implication in LEC migration. For real-time analysis of matrix
degradation in live cells, collagen fibers were visualized by
confocal reflection microscopy (Figure 7A-C). Under control
conditions, migrating cells generated fiber traction and spatial
reorganization (Figure 7A-B, supplemental Figure 2A-C). During
the process of cell migration, collagen fiber degradation was
visualized around cells leaving matrix gaps behind them (supple-
mental Figure 2A-C and supplemental Video 1). Fluorescent
dequenching was assessed concomitantly with collagen-degrada-
tion visualization.34,35 Therefore, DQ FITC–labeled collagen, which
does not fluoresce until it is cleaved by a protease, was incorporated
into the collagen gel containing multicellular LEC spheroids.
Proteolysis was mainly visualized at the spheroid-matrix interface,
and around isolated migrating cells (Figure 7D-E). The DQ signal
of collagen degradation was not seen around filopodia-like exten-
sions probing the environment, but mainly around the cell body
(Figure 7D-F) and at the bases of the filopodial protrusion (Figure
7E; supplemental Video 2). The presence of intracellular and
extracellular fluorescent collagen fragments was assessed on
confocal microscopy after cell membrane labeling with a red cell
membrane dye (supplemental Figure 2D). Pertinently, collagen-

fiber reorganization (Figure 7G-I) and degradation (Figure 7J-L)
were drastically reduced on exposure to MMP2 inhibition. In this
setting, cells remained aggregated and extruded sensing cytoplas-
mic protrusions that continuously retracted and expanded (supple-
mental Video 3).

Discussion

How MMP2 regulates lymphangiogenesis is an intriguing ques-
tion. We herein provide genetic and pharmacologic evidences that
MMP2 activity contributes to lymphangiogenesis in pathologic
conditions, during early lymphatic development, and in in vitro
models of LEC sprouting from lymphatic duct rings or cell
spheroids. Mechanistically, our study: (1) Underlines the impor-
tance of interstitial matrix remodeling during lymphangiogenesis.
(2) Demonstrates that MMP2 acts in vivo as an interstitial
collagenase, and not as a gelatinase as classically viewed.
(3) Provides a model of mesenchymal cell migration and lymphatic
vessel branching in a collagen-rich environment.

Our finding that mmp2 knockdown in the zebrafish impairs, and
even prevents lymphatic vessel formation in the most severely
affected embryos is of great importance. So far, silencing of only a
few genes (Ccbe1, Vegfc, Vegfr3, syntenin, prox1, Notch/DLL4,
claudin-like protein 24, lpa1) has been shown to compromise
zebrafish lymphatic development.36 Our results provide the first
evidence that an individual mmp knockdown drastically affects
lymphatic vessel formation without modulating angiogenesis. In
mice, Mmp2 gene ablation led to transient changes in the complex-
ity of early superficial dermal tail lymphatic formation, but did not
affect later postnatal tail and ear adult lymphatic networks. The
normal mature lymphatic vasculature observed in Mmp2-deficient
mice could reflect compensation by other MMPs exerting similar
functions, supporting the overall complexity of the murine sys-
tem.37 In sharp contrast, under challenging conditions, Mmp2
down-regulation or knockdown resulted in lymphatic vasculature
abnormalities characterized by reduced vessel formation (spheroid
and lymphatic ring assays) or increased vessel branchings (mouse

Figure 5. Proposed morphogenic mechanism mediated by MMP2. Our working
hypothesis is that LEC behavior is driven by physical constraints imposed by the
matrix barrier. Lymphatic vessel elongation and/or branching are dictated by the
composition of ECM components, the quantity and cross-linking of the components
and where they are situated around the developing vessels. The structural and
molecular determinants promote: (1) a stationary phenotype in dense matrix; (2) a
bifurcation in case of local matrix deposition as delineated by * (see also Figure 4I-J);
and (3) a mesenchymal-like migratory phenotype in case of controlled matrix
degradation.

Figure 4. Mmp2 deficiency affects fibrillar collagen remodeling in vivo. TEM of
in vivo lymphangiogenesis induced by thermal cauterization of the cornea (A-F) and
in lymphangioma (G-J), in WT (A,C,E,G) and Mmp2 KO mice (B,D,F,H-J). (A-C) LECs
form long processes (p) and contain intracellular vesicles (arrow). The ECM is
extensively remodeled leading to numerous gaps between cells (#). (B-D) In the
absence of Mmp2, LECs are surrounded by dense matrix and parallel lumens are
often seen (B) in neoformed lymphatic vessels (Lu). (E-F) Higher magnification of the
extensively remodeled collagen matrix (#) in WT mice (E), but reminiscent in KO mice
(F). (G-H) Neoformed lymphatic vessels in lymphangioma surrounded by processed
matrix (#) in WT mice (G), but dense matrix (*) in KO mice (H). (I-J) Lymphatic
capillaries forking (arrows) around dense matrix (*) in Mmp2-deficient mice. Bars
represent 5 �m (A-D), 1 �m (E,G,H) and 2 �m (F,I,J).
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cornea or dermal tail). These apparently contrasting findings led us
to postulate that MMP2 is a key morphogenic regulator of
lymphatic vessels. By analogy to branching morphogenesis occur-
ring in epithelial structures, such as mammary, lung, kidney, and
salivary glands,38-40 we hypothesize that an adequate balance
between proteases and protease inhibitors orchestrates cell migra-
tion through the meshwork of the ECM. An adequate density of
appropriately cross-linked collagen fibers is required for vessel
formation as both excessive or insufficient matrix impairs LEC
sprouting. Such requirement of finely balanced matrix degradation
has been reported during angiogenesis and involves at least, the
plasminogen/plasmin proteolytic system controlled by plasmino-
gen activator inhibitor-1.41,42 We thus postulated that inhibition or
absence of MMP2 activity leads either to impaired lymphatic
vessel extension through limited degradation of physically constrain-
ing ECM, or increased vessel bifurcation through increased focal
matrix deposition.

This concept of branching morphogenesis implies that vessel
elongation and branching are dictated by the ECM component
composition, amount, and cross-link status. This is indeed sup-
ported by TEM observations in in vivo models (corneal lymphan-
giogenesis assay and lymphangioma), revealing that lymphatic
vessel branched when facing a dense collagen barrier. Furthermore,
LEC migration in vitro was influenced by collagen concentration

and intermolecular covalent cross-links that stabilize collagen-gel
architecture.12 MMP2-selective inhibition or MMP2-silencing inhib-
ited LEC migration in a collagen scaffold. This inhibitory effect
was associated with less collagen-fiber degradation as assessed by
dynamic imaging and detection of the DQ FITC–labeled collagen
fibers. Accordingly, TEM analysis revealed that lymphatic vessels
formed through tunneling, relying on extensive matrix remodeling,
migration and alignment of sprouting endothelial cells into tubular
structures.22 In line with this tunneling concept, intracellular
fragments of collagen have been visualized by confocal micros-
copy. Altogether, these observations indicate that LECs adopt a
proteolysis-driven mesenchymal migration program primarily de-
pendent on MMP2. Time-lapse video-microscopy applied to the
spheroid model shows that the spatial organization of pericellular
collagen fibers is modified during the process of LEC migration.
Collagen-fiber cleavage occurred mainly around cell bodies instead
of cell protrusions suggesting that filopodia-like extensions sense
their environment but do not drive the proteolysis-dependent
migration. This notion agrees with previous observations made
with tumor cells.34 Herein, we demonstrated that LECs use MMP2
to remodel the collagen meshwork to ease their passage through a
physical barrier. Optimal migration was only achieved when LECs
were in contact with an appropriate collagen matrix. Such a specific

Figure 6. MMP2 and type-1 collagen matrix influence in vitro lymphangiogenesis in the lymphatic ring assay. (A) Mouse lymphatic duct explants embedded in type I
collagen gel were cultured for 9 days in the absence (control) or presence of recombinant MMP2 (rmMMP2 50 ng/mL). For quantification, grid corresponding to successive
increments at fixed intervals of TD boundary was used on binarized images (right panel). The number of microvessel–grid intersections (Ni) was quantified on binarized images
as described in “Lymphatic ring assay.” (B) Lymphatic rings issued from Mmp2-deficient mice were cultured without (Mmp2 KO) or with rmMMP2 (Mmp2 KO 	 rmMMP2).
Rings issued from WT mice were used as control (WT). (C) Lymphatic duct explants were embedded in pepsinized or native collagen gel (final concentration, 1.5 mg/mL).
(D) Native collagen gels contained 1.5, 2, or 3 mg/mL, revealing optimal migration at 2 mg/mL and less migration at higher and lower concentrations. Graphs represent
computerized quantifications of LECs distribution around the ring at day 9. The histogram corresponds to LECs density at a distance (d) � 0.25 mm from the ring border.
Ni � Number of intersections between microvessels and quantification grid. Values were normalized by taking the maximum of the control curve as 1. For all assays, the
images presented are a representative 1 of all rings used for quantification (n � 5; *P � .05; **P � .001). Bars represent 500 �m. Unstained live tissues were used in their
culture medium, and images were captured with a phase-contrast microscope (Axiovert 25; Carl Zeiss Microscopy) coupled to an Axiocam color digital camera (Carl Zeiss), at
room temperature using acquisition software KS400 3.0 (Carl Zeiss Vision) and a 5� NA 0.12 A-Plan lens (Carl Zeiss).
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interaction between LECs and interstitial matrix is further sup-
ported by the failure of LECs to sprout of a lymphatic duct ring
embedded in basement membrane matrix (matrigel).

It is worth noting that MMP2 could affect lymphatic vessel
morphogenesis at levels beyond the impact of the physical barrier.
By degrading the collagen scaffolds, MMP2 might also promote
the release of ECM-sequestered lymphangiogenic regulators. In
this context, MMP2-triggered FGF-2 release from the lens capsule
is essential for lens epithelial cell survival.43 In addition, signaling
through cell-matrix receptors could be modified in less remodeled
matrix.44 Alternatively, neo-epitopes, cryptic in intact collagen
fibrils, might be exposed after MMP2 cleavage, thereby providing
new morphogenetic signals.45 These different mechanisms are
obviously not exclusive.

When matrix remodeling is considered, MMP2 is primarily
viewed as a type IV collagenase and a gelatinase contributing to the
degradation of collagen fragments generated by the so-called
interstitial collagenases. Our findings clearly underline the intersti-
tial collagenolytic activity of MMP2. Although the capacity of
MMP2 to cleave fibrillar type I collagen was described � 15 years
ago,46,47 such collagenolytic activity has been overshadowed and

deserves more attention than initially expected. Using an siRNA
approach, we modulated the expressions of secreted MMP (MMP2)
and membrane-type MMP (MT1-MMP) produced by LECs, and
known to cleave type I collagen.48 Although MMP2 knockdown
impaired LEC migration in a 3-D collagen matrix, MT1-MMP
down-regulation had no impact (data not shown). This observation
underscores the unexpected role of MMP2, but not that of
MT1-MMP, in the collagenolytic pathway implicated in lymphan-
giogenesis. It implies to revisit the role of MMP2 in cell migration.

Notably, the present study demonstrates that interstitial collagen
remodeling is a rate-limiting event in lymphangiogenesis. This
observation agrees with the Podgrabinska et al report,49 which
shows that in the absence of exogenous factors, LECs incorporated
into collagen type I scaffolds exhibited a significantly higher
survival rate than blood endothelial cells (BECs). This difference
between LEC and BEC responses to type I collagen probably
mirrors matrix differences surrounding each endothelial cell type in
its natural environment (interstitial matrix and basement mem-
brane, respectively). LEC migration requires cells to deal with a
connective tissue dominated by a cross-linked type I collagen
network. MMP2, an established regulator of tumor invasion and
angiogenesis, acts mainly through its gelatinolytic activity and
capacity to regulate growth factor bioavailability/activity. Herein,
we provide new mechanistic insights into its crucial role during
lymphangiogenesis and shed light on MMP2 collagenolytic func-
tion. Experiments addressing how LECs interact with their surround-
ing ECM environment will undoubtedly enhance our understand-
ing of lymphatic vessel formation and functional regulation under
physiologic and pathologic conditions.
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